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PREFACE

Automatic gain control, signal thresholding, and range tracking are basic

building blocks of many radar and electronic warfare (EW) systems, active
and semi-active missiles, and antiradiation missiles (ARMs). This book is

meant as a practical starting point for those who must analyze and design
these blocks. The reader may well ask why analog, and not digital, automatic
tracking loops? Certainly most modern radar, EW, and related systems

employ digital (software) technology to perform many of the functions once
performed by analog circuitry: however, the digitizing of analog functions
requires a fundamental knowledge of analog circuit design and operation.
The intent of this book is to help in providing that knowledge. The deviation
from pure analog circuitry to a hybrid of analog, digital, and software is up to

the readers' requirements; however, it is hoped that this book will provide a
solid foundation upon which one can begin to build.

Chapter 1 presents automatic gain control from a theoretical and practical
standpoint. Static regulation, dynamic regulation, loop bandwidth, and rise

time are covered and the theoretical results verified with several design
examples. Methods of varying IF and RF gains are discussed, as are the

effects of square law and linear detection on the various AGC parameters and
the effect of self-AGC (the IF or RF signal having a controlling influence on

the circuits' gain).

Virtually all radar, EW, and related systems employ signal thresholding to
identify the presence of a signal. Signal thresholds can be as simple as a

comparator and a fixed signal threshold voltage or as complicated as circuitry
that nulls any returns due to clutter or noise. Automatic thresholding loops to
remove clutter are usually quite complicated and indeed a digital approach at

the offset of design is often necessitated. Chapter 2 concentrates on the
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necessity of providing a noise riding threshold to compensate for the excess

noise due to IF/RF amplification preceding a basic crystal video receiver. A
fairly simple and straightforward noise tracking threshold is presented to
'illustrate the techniques involved and the results that may be expected. An

automatic noise tracking loop to optimize the detection process is often a
necessity, even for simple receivers. This chapter is not meant as an all-

inclusive presentation on signal thresholding, but rather a starting point for

those who must define and design this important building block.

No book with the title Analog Automatic Tracking Loops would be

complete without a presentation of range-tracking loops. Chapter 3 presents
the analysis and design of both Type I and Type II range-tracking loops from a
phase-locked loop perspective. Examples are presented to verify the design

theory given.

Topics that deal with signal acquisition and reacquisition, signal duty

cycle dependence, etc., have been purposely left untouched. As an engineer

employed by the U.S. Government, I am acutely aware of the possibilities of
inadvertently and unwittingly compromising Navy programs. To remove this

risk, any topic which I felt could, in any way, compromise the work in which

we are engaged at the Naval Weapons Center (NWC) was left out completely.

The author would like to extend formally his appreciation to John

Daugherty and Paul Hilliard, who during the past 18 years, had the

responsibilities of constructing and testing the circuits presented. Ms. Janet
Pande, Bob Sutton, and Brad Wiitala reviewed this work, and I am most

grateful for the time spent and suggestions offered. I wish to give special

thanks to Mrs. Freddie Perry, my NWC editor, who had to take my

unintelligible notes and transform them into a readable document.

This work is an evolution of design notes, NWC publications, and other

documents, spread over the past twenty years. I wish to express my deepest

apnreciation to the management of NWC (past and present) who continue,
with ever increasing money constraints, to create the practical and academic

atmosphere that make works such as this possible.
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A final thank you goes to the reader. Without your support, books such as

this would not be possible. I hope this work provides some of the material you
have been seeking. If it does, the past six months of nights and weekends will
have been worthwhile.

Richard Smith Hughes
June 1988
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Chapter I

AUTOMATIC GAIN CONTROL

Introduction

Many radars and electronic warfare (EW) systems employ automatic gain

control (AGC) to normalize the received signal prior to signal processing (i.e.,

range tracking, signal acquisition, direction finding, etc.). This chapter

presents the basic AGC theory and design philosophy from a practical

standpoint. The theory covers static and dynamic regulation and AGC rise

time, with respect to square law detection and linear detection. Various
methods of variable gain control are presented and self-AGC (the controlled

signal level effecting the gain) is discussed. The chapter concludes with

several design examples.

Figure 1-1 illustrates a basic radar receiver employing AGC. As the

received input signal varies, the input to the intermediate frequency (IF)

amplifier changes. The AGC loop notes the change and varies the gain of the

IF amplifier in such a way that the output of the detector remains constant

(the AGC voltage could also vary the gain of the radio frequency (RF)

amplifier).

Figure 1-2 illustrates the basic components of AGC tracking loops

(continuous wave (CW) inputs will be assumed for now; however, operation

with pulse inputs is basically the same and will be covered later). The only

difference between Figures 1-2a and 1-2b is that one uses a low-pass filter
(LPF) and the other an integrator. The differences between these two

techniques are also discussed.
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LOCAL
OSCILLATOR AGC VOLTAGE

NORMALIZED VIDEO (eN) ~ PRSSA

F~IGURE 1-1. Basic Radar Receiver.

PIF(dI3M) PPD(dBM) eD eN e.

PIN (cimI A

(a) Low-pass filter.

PIF(dBm) PPD(dBm) eD eN e.C

(b) Integrator.

FIGURE 1-2. Basic Components of Automatic Gain Control
(AGC) Tracking Loops.
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The configurations of Figure 1-2 are quite general in that most AGC loops

can be reduced to the components illustrated (necessary pulse stretching and

timing circuitry for pulse AGC operation are not shown in the interest of

simplicity). The input signal, Pin(dBm), is amplified by the variable gain IF

amplifier. The variable gain IF output may be amplified or attenuated,
depending on the desired normalized detector input power, PPI),N(dBm). The

detected signal is amplified by the video amplifier, Av, compared with a

reference voltage, E ,,f, and again amplified by the error amplifier, A. The

resultant voltage drives the variable gain IF AGC input.

If Pn(dBm) should increase, Ppn(dBm), and thus the normalized video

voltage, eN, would increase, increasing the AGC voltage, and thus decreasing

the gain until eN = ER~f.

Three basic parameters define the operation of an AGC loop:

1. Static regulation is the capability to compress large input variations

into small output variations. This is the same concept as line regulation in a

regulated power supply. The compressed output variation, APpI)(dB), divided

by the input variation, AP,,(dB), is called the compression ratio (CR). The

change in the normalized video voltage, Ae,, depends on detector type and

will be discussed as we proceed.

Al'l)(d 0
C"IF = Al. dR)

R Ae (dB) (I 2)%Rid  AP WMn~H

in

2. Dynamic regulation is the capability of an AGC loop to reduce the

dynamic input modulation, MPi,, appearing at the output, MPly, and is

called the input modulation reduction (IMR). This quality is especially

important in conical scanning radars. IMR is dependent on the loop gain (LG)

of the AGC loop and may be given as

3



[MR = MP 1  ___ (1-3)
MP. I +LG

in

3. Loop rise time (tr) is the 10 to 90% loop-response time resulting from a

step change in input power.

These three parameters are discussed in the next sections.

Static Regulation

Assume that the variable gain IF amplifier has a variable gain

characteristic as illustrated in Figure 1-3. (Most variable gain IF/RF

amplifiers have a rather linear relationship between gain (dB) and AGC
voltage.) The equation relating IF gain to AGC voltage is

A IF,(d) = A (dB) - X(AGC Voltage) (1-4)

where

X = variable gain slope in dB/V

A,,(dB) = maximum gain

AGC loops involve power levels and ratios in the IF and detector portion

and voltage levels and ratios in the video (or post detection) portion. Appendix

1A summarizes power-voltage relationships for easy reference.

One primary function of an AGC loop is to keep the output power,

P/pjdBm) (or video voltage, eN), normalized to within a specified amount,

APjpjdB) or AeN(dB), despite large variations in the input power, APin(dB). A

predetector amplifier may be necessary to ensure that the detector is operated

at the desired level, linear or square law (see Appendix 1B for detector

characteristics pertinent to AGC design).

4



60

Al.F(dB) =A 0(dB) - X(AGC)

11

u 40 -

z

0

AIF(dB)X=

20 -AGC
OR

U_ X = 20 dBiV
Ao(dB) = 60

0 _
0 1 2 3

AGC VOLTAGE, V

FIGURE 1-3. IF Amplifier Gain Versus AGC Voltage.

The static regulation characteristics of the low-pass filter AGC (Figure I-

2a) will now be discussed. Compression ratio has been defined in Equation (1-

1). Appendix 1C presents the solution for APijpdB) as a function of detector

type, linear (Lin) or square law (SL), and the results are

IIn

a III F1 , B Im = 10 log All i (dmm)l+ (1 5)
XAAe e
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All (in(dBlI
AI'FJn (dB) = 20 lg +1 (I 

XA Are

Thus, to minimize the change in output power, eN, A., and A, must be

made as large as practicable (X is assumed constant for a given IF amplifier).

Solving Equations (1-5) and (1-6) for AAAeN,

AAll in (dB (1 7)
As c N S. sP dB)

X( 10 0

A Pinld B) ( 81
rAAAeN Lin = AIF dB)

Thus, since X and A.PIidB) are known, the necessary AAAveN may be

found.

To illustrate the discussion thus far, consider the following:

Minimum input for AGC action P 7, ,. 1,(dBm) = -70 dBm
(or AGC delay)

Minimum output under AGC action Ph,.,,,(dBm) = -0.5 dBm
Maximum output under AGC action t'l fl,P,(dBm) = +0.5dBm

Maximum input for AGC action Pin .ax(dBm) = -20 dBm
(or AGC dropout level)

The input dynamic range is

Alin (dB) = 1i. (dlim) - 1. . (d Bm) =50 dB (1 9)
I n,,n ax ,n~rain

and the output dynamic range is

All (dB) = 11 (dim) - 1' (dimI)= IdB I O)0
o IFmax I in

6



Thus the compression ratio is

apir(d B),!-1)

CR = A B = 0.02AP. (dB)
In

or the output increases 0.02 dBm for each I dBm increase to the input.

Figure 1-4 illustrates the characteristics of the AGC system just presented.

This discussion has concerned the AGC of Figure 1-2a. Figure 1-2b

illustrates an AGC loop that incorporates a true integrator. A true integrator
has a very large gain at low frequencies; therefore, under normalized,

unmodulated inputs, e, = 0. Thus,
AlIF (dB)=0 (112)

and perfect regulation is obtained. (Further in the chapter the theoretical

equations presented will be verified with a practical example.)

2 -LAGC RANGE

E

0
PIFMAX(dBm) ""PIF(dB)

0

=) PINMAX(dBm) PIF ,MIN(dBm)

H -1PIN MIN(dBm)

o IAPIN (dBl

-2-
0 -10 -20 -30 -40 -50 -60 -70 -80

INPUT POWER (PIN), dBm

FIGURE 1-4. Typical AGC Characteristics.
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The next section presents the behavior of the AGC loop, illustrated in
Figure 1-2, under input modulation conditions.

Dynamic Regulation

Figure 1-5 illustrates the AGC loop of Figure 1-2a in classical feedback
form. Using conventional feedback theory, Oliver [11* has shown that

Ae I (111) 1 Aein (PP)
Ae 1 F(PP) I .(P ) (1-13)

e I(PP) = I+AB e. (P1)

where

eIF(P P) = peak - to - peak IF output voltage

AelF(PP)
-I (13)(100) = percentoutput modulation (M or Me IF (P P)0 1

Aein(IPP')
e-""" (100)= percent input modulation (M,)
e. (P1P)

in

AB = loop gain (LG)

Equation (1-3) may be written as (assuming LG > 1)

MI (1-14)

LG

or, the IF output modulation is reduced by the inverse of the loop gain. Thus

the input modulation reduction is (for large loop gains)

*Numbers in brackets I I refer to references These references, along with a
bibliography, are contained at the end of each chapter.

8



IMR -(-5

and

MF =1 IMR(M11(16

eIN(PP) IF e IF (PP)

ERef AE

eNA

FIGUE 1-. Hick IiagAmoFedckmpfe.

inputE to5 thec vaibegi DFapiagerand oedulatigkh Ampltager.Th

ioop gain is thus the modulated output voltage, iAGC', divided by the
modulated AGC voltage, iAGC, as illustrated in Figure 1-6:*

G=A AGC' Hi 17)
AAGC

or

LG =A A A A AAA (1-18)

*The effect of the low-pass filter will be neglected. Ideally this sets the frequency
response of the loop.
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where

AAGC = dynamic AGC gain, 6ejp(PP)/AAGC (V/V)

APD = predetector gain, AepD(PD)/Aejp(PP) (V/V)

AD = dynamic detector gain, AeDl/Aep)(PP) (V/V)
Av = video gain, AeN/Ae) (VAT)
A, = error gain AAGC'/Ae, (V/T)

AelF(PP) AePD(PP) AeD  AeN

PIN(dBm) CONSTANTq

,AAGC

AAGC I A E LPF

FIGURE 1-6. Method of Finding Loop Gain.

The dynamic AGC gain is a nonlinear quantity, but for small values of

AAGC. maybe given as (Appendix ID)

AAGC =0.115Xe F(P1I) (V/V (-19)

The dynamic detector gain is also nonlinear; however, it may be assumed

linear over small values of AepD(PP). The dynamic detector gain for a square

law detector (Appendix 1B) may be given as

AD.SI.= 5 x I0- 3 K .e p)(Pp) (V'VI (1 201

where Ks,. is a square law detector constant.

Substituting Equations (1-19) and (1-20) into (1-18),

01 e IF A 5 x 10 3 KSi-e 1 11 (PiA (121)

loV



However, since

elp(pp) = epD(PP)/AP D  (1-22)

Equation (1-21) may be written as

LGSL = 0.115 X IeeD (PP)12 5 x -3KsA,AAA (123)

The detector output, eD, is (Appendix 1B)

eD = 2.5 x 10 - 3 KSL ep)(PP) 1 (V) (1-24)

thus, under normalized conditions eD = eD,N

LGS1 = 0.23 XAA&A.e ),N (1 25)

or , since

e N  - el).N. ,

LGs = 0.2 3XAAA e (1-26)

Equation (1-26) is simple but very accurate. Using the same methods, but for

a linear detector (Appendix IB),

AD.Li n = 1.59 X i -3KLi n (V/V) (1-27)

and

e,),,, =.59 X 10 - 3 Kt • (W-28)
= K~~t.in Pi)( (V

thus the loop gain becomes

LG = 0.1 IS XAAAeN ( 29)

It can be seen from Equations (1-5) and (1-6) that the loop gain and static
regulation (APIF(dB)) are dependent on XAAAceN; thus, for a given IF

amplifier, AAA, can be maximized to give the necessary loop gain,

11



dH=1ogAin(d + (130
AI F.sL XAAA e

and

(1 31)
LGS1. = 0.23 XA&Are

Solving Equation (1-31) for A.IAIeN,

(1 32)LGsI"

AA e - 0.23X

and substituting into Equation (1-30),

0.23APin (dB) (1 33)
AIIF,Sl. (d 8 10 log LG + I

For the linear detector this equation becomes

o 012APin(dB) (1 34)
AIl ~i(dB) = 10olog LG + I

I tJlifI LG

Thus the loop gain uniquely determines the static regulation. Conversely,

the s~atic regulation uniquely determines the loop gain, as shown below.

Solving Equation (1-30) for AAALeN,

Al in(d I (1 35)
AAAr N,SL - API F'dB)

X( to 1o -1I

Substituting Equation (1-35) into ( 1-31 ),

LGs[ = 0.23 p11 ldR) (i-36)

12



and for the linear detector,

AP. (diB)
LGi.in = 0.115 Al' .(dB) (1 37)

(10 20

The dynamic regulation for the true integrator AGC loop of Figure 1-2b is

similar to the low-pass-filter loop, except that the loop gain must be multiplied

by the frequency-dependent gain of the integrator, A It (assuming a large low-

frequency gain for the operational amplifier),

- v (1 38)

where

F _j 
1 39)

2nfC

or

0.159A1 n -fR L +90 °  ( 140)
lot RC

Thus,

0.036 XAAAeN -41)
LG = eCR

and

0.018 XA N  (1-42)

Lin= CR

The frequency response for the low-pass-filter loop will be determined by the

low-pass filter (assuming that the open loop frequency, neglecting the filter, is

much larger than the filter frequency response, which is usually the case).

13



Loop Rise Time and Bandwidth (fdB)

The loop rise time, tr, is defined as the 10 to 90% AGC response time to step

changes in input power. The rise time is dependent on the nonlinear

characteristics of the detector; thus,the equations presented (see Appendix 1E
for the derivation) are valid only for small input steps (less than ± 2 dBm).

The rise times and bandwidth for the integrator and low-pass-filter loops

are the same, and may be given as

9.56 RC 0.35
r.-- XA Ae rdii. 4r N r.Sl.

19.13 RC 0.35
XAA e N  3dlin.in (1-44)

As can be seen, the loop rise time is also dependent on XAAAreN; however, the

rise time can be calculated independently in terms of R and C.

The rise times given in Equations (1-43) and (1-44) are for CW input loops.

What is the rise time for a pulse loop rather than a CW loop? The effect a
pulse AGC loop has on ir is quite easy to determine. Figure 1-7 illustrates a

basic pulse AGC loop, and the pertinent timing is shown in Figure 1-8.

PIN(dBm) I F A SMPEN

RESETINTEGRATOR

IUPDATE
COMPARATOR (Tu)

THRESHOLD TIMING
ADJUST

FIGURE 1-7. Basic Pulse AGC Block Diagram.
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INPUT PULSE TRAIN PRI - n

SAMPLE HOLD
OUTPUT

SAMPLE'HOLD n
RESET

INTEGRATOR UPDATE
PULSE

FIGURE 1-8. Basic Pulse AGC Timing.

The basic operation of the pulse AGC loop is straightforward; the input
pulse is amplified, detected, sampled, and compared to the reference voltage,
ERef. The amplified video also triggers a comparator (threshold) that initiates
the timing. The integrator update switch is closed for a given period, T.,
every pulse; thus the integrator is only allowed to update the AGC loop during
T. The effective time constant (Tpuise) for the updated integrator is

T = RC ( u ) (145)

The update duty cycle, D, may be given as

T (1-46)

PHI

Thus, Equation (1-45) may be written as

RC

T =C (1-47)puhe5



All equations thus presented for loop rise time, Zr, may now be given in more

general terms as

9.56 HC 0.35
r. SL XAAA eN )  f =L (-48

a : N r,st.

19.13 HC 0.35

rLin XAAA eND j Lr r- n  49)

It should be noted that sampling the AGC loop makes it a sampled data

system. This publication will assume that any input modulation frequency is

much smaller (by at least ten) than the sampling rate (PRF in pulsed AGC). If

this condition is not met, instability may well result.

Automatic Gain Control Design Verification

The preceding section presented the equations that characterize an AGC

tracking loop. In this section, we will verify these equations using a simple
AGC tracking loop. Nonideal parameters will be discussed (i.e., the IF

amplifier's variable gain slope, X, is not linear over the full AGC range), and

practical design equations will be presented with these nonideal parameters

in mind.

Square Law Detector Test Circuit

Figure 1-9 illustrates the circuit used to validate the equations already

presented. The philosophy here is to analyze an existing AGC loop to verify

the equations rather than to verify by design (Chapter 2 presents the design

for several practical AGC loops). The square law detector is discussed first,

then the linear.

16
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Figure 1-10 illustrates the square law characteristics for the detector used

(see Appendix 1B for a discussion of detector characteristics). A normalized
video reference, e<, of - I volt will be used; thus the detector output, el, is

e1  = e 'A,

or, since A, = 240,

eD = 1,240 = 4.2 mV .I51,

The detector input power required to give an el) of4.2 mV is (Appendix 1 B

) (d m l = - 1 0 lo g - -- - --5 2 ,

P(dm = -10 Iog( 350 1 531
Pt) 4.2

or

I1 1)(dBm 19.2d H m

Detector D2 is used as a temperature stabilizing element to minimize the

dc offset effects of D1 . With no IF present, R,, is adjusted until e.%, - 0 volt).

Resistor Rh is adjusted to give the desired normalized video voltage, e.% ( - I
volt). The -6 dB power splitter enables the output power variation to be

monitored. The IF output power is

P 1lV(dBm) = I'Mi(dHmi + 6d B I 55,

where both outputs of the power splitter are the same (P,(dBm) = Pp)(dBmfl.

Resistor Rb is used for the low-pass-filter AGC.
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FIGURE 1-10. Detector Output Versus Input Power
(lP 5082-2800).
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Figure 1-11 illustrates the variable gain characteristics of the IF amplifier.
It will be noticed that the slope varies with AGC voltage (which is typical of
many commercial variable gain IF amplifiers). The variation in X with AGC
voltage and gain is given in Table 1-1. As can be seen, there is more than a

three-to-one variation in X. Thus the loop gain, static regulation (for the low-
pass-filter AGC), and rise time of the loop will be a function of AGC voltage

and, thus, the input power, P,,(dBm).

60

50

E 40

30
z

. 20

10

o0 - -2 -3 -4 -5 -6
AGC VOLTAGE, V

FIGURE 1-11. IF Amplifier Variable Gain

Characteristics.
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TABLE 1-1. IF Amplifier Variable Gain Slope.

AGC voltage, V Gain, dB X, dB/V

-1.75 40 18.2

-2.85 30 13.9

-3.25 20 9.1

-4.6 10 5.5

The static regulation for the low-pass-filter AGC was presented as

(Equation (1-5))

I ~ Apin(d B)

AP (dB) = 10 log A PAine(d--- + (1-56)
IF.S! IXA A e

which assumes a linear gain slope, X. Obviously the gain slope varies (Figure

1-11 and Table 1-1), and Equation (1-56) is not valid. This problem is easily

corrected, however, by noting that

A .in(d R) (1-57)
AAGC -

x

where AAGC is the total change in AGC voltage for the total desired input

dynamic range, AP1n(dB). Equation (1-57) may now be written as

AlldB) = 10 log A + 11-8
FSL AA e

which defines the static regulation for a practical low-pass-filter AGC loop

using a square law detector (the linear detector loop will be presented shortly).

The static regulation for the integrator loop will still be near zero because of

the large static (dc) gain of the integrator.
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I
The parameters for the low-pass-filter AGC loop may now be given as (see

Figure 1-9)

APD(dB)= -6; PpD(dBm)= -19.2; P I.(d Bm) - 13.2

e N  - (adjusted at -3 volts AGC, A. = 240

A, - -1;A =8.57;ftF C =9.6

The IF input was varied from -70 to - 10 dBm (APin(dB) = 60), and the

AGC voltage varied from - 1.01 to -6.87 volts (AAGC = 5.86 volts), as shown

in Figure 1-12. The output power varied from -22.2 dBm at an AGC voltage

of -1.01 volts to -19.3 dBm at an AGC voltage of 6.87 volts (AP(dB) = 2.9),

as shown in Figure 1-13. Thus the change in output power, APo(dB), is

AP (dB) = 2.9 (1-59)0. SL

The predicted change in output power (APo = APIF), using Equation (1-58), is

AoL(dB)= IOIog -1857 1 + = 2.26dB (1-60)

E -70
-60-

z-50-

-40

-30
0
0- -20

D -10a-
0z 0 

I
0 -1 -2 -3 -4 -5 -6 -7

AGC VOLTAGE, V

FIGURE 1-12. Input Power Versus
AGC Voltage (Low-Pass Filter).
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-19 I I i i 1 I
0 -1 -2 -3 -4 -5 -6 -7

AGC VOLTAGE, V

FIGURE 1-13. Detector Input Power Versus
AGC Voltage (Low-Pass Filter).

and is in excellent agreement with the measured value of 2.9 dB. The

normalized video voltage, eN, varied from -0.78 volt at an AGC voltage of

-1.01, to -1.42 volts at an AGC voltage of -6.87 volts. Thus the measured

change in eN, AeN(dB), is

AeN L(dB) = 20 log (1.42/0.78) = 5.2

The predicted value is twice the change in output power, since the change

in el) in decibels is twice the change in input power in decibels for a square law

detector (see Appendix 1B). Thus,

Ae NSL.(dB) = 20log( AAGC +(1 0 62)
A AeN

or

Ae NsL(dB) = 20 log -1I(-8.571 + = 4.5 (1-63)

which also is in excellent agreement with the measured value of 5.2 dB.
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The value for eN was changed to -2 volts by adjusting Rb, and the
measured difference in APo(dB) for input variations from -70 to -10 dBm

was

All,(dBl= 1.23 (1 64)

The predicted value, using Equation (1-58), is

S5.86 =
All'. (dB) = 10 log + 1 1.28 (1-65).si lI (I (8.57 2)

which again is in excellent agreement with the measured result. The

measured change in eN, eNSL(dB), was 2.15 dB. The predicted change is in

excellent agreement with the measured value, as shown in Equation (1-66):

Ae (dB) = 20 log + 1 = 2.55 (1-66)
N.SI. 1(1)(8.57)(2)

The loop rise time was measured for input variations of ± 1, +5, and + 10

dB at three input levels. Table 1-2 summarizes the results.

TABLE 1-2. Loop Rise Time Results.

Loop rise time, Tr, S
Pmn, dBm AGC, V X, dB/V

-IdB +IdB -5dB +5dB -10dB +10dB

-53 -1.93 15 0.7 0.8 0.85 0.6 1.0 05

-37 -3.16 9.1 1.0 0.95 1.1 08 1.25 07

-26 -4.51 5.5 1.25 1.25 1.5 1.1 1.7 0.9
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The equations predicting the loop rise time are valid only for small input

deviations, as discussed in the preceding section and Appendix 1E. The rise

time for the low-pass-filter loop was given as (Equation (1-43))

9.56 RC (1-67)
XA A e

The predicted values are compared to the measured values in Table 1-3 (± 1

dB), and as can be seen, there is good agreement.

TABLE 1-3. Measured and Predicted Loop Rise Times.

Pin, dBm X, dB/V Ir (measured), s xr (predicted - Eq. 1-67), s

-53 15.0 0.8 0.71

-37 9.1 1.0 1.18

-26 5.5 1.25 1.94

The deviation in loop rise time at large input variations (Table 1-2) is due

to the nonlinear behavior of the detector. Two methods to minimize this effect

are given later in the chapter.

The loop gain was measured as illustrated in Figure 1-6. The modulating

frequency was well below the low-pass-filter bandwidth.

f LF I 11i-68)
f3dHV(LPF) - 2n C

(The open loop frequency response for this circuit (with C removed) is in excess

of 3 kilohertz; thus the RFC filter will determine the bandwidth for

frequencies up to about I kilohertz.)
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The measured loop gains are listed in Table 1-4. The predicted loop gain is

(Equation (1-26))

LGsL 0. 23 XAAAeN (1-69)

Table 1-4 also compares the measured and predicted loop gains, which can be

seen to be quite close.

TABLE 1-4. Low Pass Filter Loop Gains.

Pin, dBm AGC X, dB/ Measured Predicted
loop gain loop gain

-50 -1.95 15.0 25.7 29.6

35 -3.19 9.1 15.0 17.9

-25 -4.53 5.5 12.8 10.4

Figure 1-9 (with Rp' removed) illustrates the basic integrator AGC loop

using a square law detector. Figure 1-14 illustrates the input power versus

AGC voltage for eN = -I volt. The measured change in the output power,

APo(dB), was 0.12 dB for inputs from -65 to - 10 dBm. The predicted change,

from Equation (1-12), is 0 dBm, which is in excellent agreement with the

measured result.

Table 1-5 summarizes the loop rise time results.

The predicted rise time, again valid only for small input variations

(Equation (1-67)), is given in Table 1-6, and agrees favorably with the

measured results. The value for eN was doubled, and the loop rise time was

halved, as predicted by Equation (1-67).
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AGC VOLTAGE, V

FIGURE 1-14. Input Power Versus AGC Voltage
(Integrator, Square Law Detector).

'TABLE 1-5. Integrator AGC Loop Rise Time Results.

Loop rise time, L,, s
P,,,dBm AGC, V X, dB/V

-1dB +1dB -5dB +5dB -10dB +10dB

-50 1.95 15.0 0.58 0.55 068 04 0.7 0 4

-35 3.19 9.1 095 0.95 11 09 1.2 06

-25 4.53 5.5 1.5 1.4 18 1.2 1.9 09

TABLE 1-6. Measured and Predicted
Integrator Loop Rise Times.

Pin,dBm X, dB/V tr (measured), s Ir (predicted), s

-50 15.0 0.58 0.71
-35 9.1 0.95 1.17

-25 5.5 1.5 1.94

27



The loop gain is frequency-sensitive, as discussed earlier.

0.0 3 XA AceN (1 70)
LGSL = fRC

The measured loop gain for an input of -35 dBm (X = 9.1 dB/V) was 0.03
with an input frequency of 10 Hertz. The predicted value is

(0.0361(9.1)(I )(! )l i
LGs = = 0.0293 (1 71)

(I10X280 x 103)(4 x 10 - 6 1

which is in excellent agreement with measured results.

Linear Detector 'rest Circuit

Figure 1-15 illustrates the circuit used to verify the linear detector AGC

equations. The same variable gain amplifier used for the square law detector

test circuit is used, as is the detector. Figure 1-16 illustrates the linear

characteristics for the HP 5082-2800 detector. As can be seen, this detector

has linear qualities above 0 dBmn.

A normalized video reference, eN, of - 1 volt is used; the detector output,

eD, is

e0 = e~A (1 72)

A, = 3.3; thus,

e 1 1/3.3= -0.3V (1 73)
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FIGURE 1-16. )etector Output Versus
Input Power (HP 5082-2800).

The necessary input power to satisfy Equation (1-73) is (Appendix 1 B)

p) (dBm)= -20log ( K L in )(1 74)
PD eD(mV)
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I'p (dmi = -20 log( 1 (1 75
P300

or

11,D0 13m) = 5.3dBm (H 76)

and, referring to Figure 1-15,

P I FdBm) = 5.3 - 25 + 6 = - 13.75dBm (1 77)

The low-pass-filter AGC will be discussed first (A, = 3.3, A., 1, A,
-20, eN = -1 volt). The static regulation may be given as

Alo n(dB) = 20 log( AAGC +1 7-~ A Ae N

The input power was varied from -69 to 0 dBm (AP,1 (dB) = 69), and the

AGC voltage varied from -0.82 to -7.03 volts (AAGC = 6.21 volts), as shown
in Figure 1-17. The output power from the 6-dBm power divider varied from
-19.6 to -17.49 dBm (APo(dB) = 2.11) over the AGC range, as shown in
Figure 1-18. The nonlinearities for inputs larger than -10 dBm are due to

the self-AGC effects of the input signal on the gain (the signal is large enough
to have a controlling effect on gain). This condition must be avoided for linear
operation (self-AGC will be discussed shortly). To avoid any effects of self-

AGC, only inputs from -69 to - 10 dBm will be used. Using Figures 1-17 and

1-18,

AP. (dB)= -59dR 11 79)

In

AAGC = 5.64 V (1 80)

At, d) = 2.11 dB 9I 1)
0
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F~IGURE 1-17. Input Power Versus AGC Voltage
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FIGURE 1-18. Power Splitter Output Power Versus
AGC Voltage (LPF, Linear Detector).
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The predicted change in output power is (Equation (1-78))

AP d)=2 o 5.64 _+,1 2.16 dB 91
A~LndB I 201K (1 -X2 0)

which is in excellent agreement with the measured value. The normalized

video output, eN, varied from -0.895 volt (AGC = -0.82 volt) to -1.143

volts (AGC = -646 volts). Thus the change in eN is (in dB)

AeN(d H) = 20 log (1.143/ 0 .8 9 5 ) = 2.12 dB (1-83)

This is the same as the change in output power, which is to be expected for

a linear detector. Thus

Ae ,dB)=20 og _ + ,)= All dB)

The loop rise time was measured for input variations of ± 1 dB (AGC

3.1; X = 9.1 dB/V) and was 1.7 seconds. The predicted loop rise time is

(Equation (1-44))

19.12 RVC (1-85)

I~..i " - XAAAre N

or

19.120i X 108),22 x 10 - e  (1 2.1 ec nd

tr.Lin " (9.lX- !',(-2011) =2.31 seconds

which is in good agreement with the measured value.

The loop gain was measured to be 22 (AGC -3.1, X 9.1 dBIV). The

predicted loop gain is (Equation (1-29))

LG 0.115 XAAeN (-87)

33



or

LG Lin : 0. 115(9.1 X - I X - 20) (1) = 20.93

which is in excellent agreement with the measured value.

The linear detector integrator AGC loop is illustrated in Figure 1-15, with

Ri" removed, C = I pF, and RI = 1 MO. Figure 1-19 illustrates the input

power versus AGC voltage. This curve also deviates from the expected at

inputs larger than - 10 dBm due to the self-AGC effects.

The power output from the 6-dB power divider varied from - 18.3 dBm

(PpD(dBm) = 6.7 dBm) at -65 dBm input power to -18.53 dBm (PpD)(dBm)

= 6.47 dBm) at - 10 dBm input power. Thus the output power changed:

A P (d B) = 6.7 - 6.47 = 0.23dB
0

which is very close to the 0-dBm change predicted. The normalized video

voltage, eN, varied from - 1.042 to -1.018 volts over the same input power

range. Thus,

1.042
AeN(dB)= 20 log 1.042 = 0.2dB (1 90)

N 1.018

which is similar to the change in output power, as is to be expected with the

linear detector (AleN(dB) = APpD(dB)).

The loop rise time measured for an AGC voltage of -3.1 (X = 9.1 dB/V) at

± 1 dB input power deviation was 1.8 seconds. The predicted value (Equation

(1-85)) is

19.12(! × 10°)(I x 10-6) (-1

t = (9.120 0)(-1 X- ) = 2.1 seconds (191)

and is in excellent agreement with the measured value.
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FIGURE 1-19. Input Power Versus AGC Voltage
(Integrator, Linear Detector).

The measured loop gain is 0.0147 for a modulation frequency of 10 Hertz.

The predicted value (Equation (1-42)) is

0.018XA A e
LG 0 .018 z N (1-92)

Lin = fRC

or

0.018(9.1 XI X ) =( 00
LGLin 10(0 x 106)M x 10-6) 0.0164 (1 93)

which is also in excellent agreement with the measured value.

A series switch was placed between the differencing amplifier, AA, and the

integrator to verify Equations (1-48) and (1-49). A pulse repetition frequency

of 1 kilohertz and update time, Tu, of 500 microseconds were used. The duty

cycle is thus

1) =T (PRF) (-4

PRI u
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or

I) = (500 x 10-6KI x 10 3 = 0.5

The expected loop rise times are, from Equations (1-48) and (1-49),

9.56 RC (1-96)tr.S!I. XAAre I)

L 19.12 HC (1 97)
ri n  XA Ace D

or the loop rise times should double for a duty cycle of 0.5. Measured results

show exact agreement.

It should be noted that a holding capacitor (sample-hold circuit) is needed
to hold the error voltage, e,, for the low-pass-filter AGC in pulse-AGC

applications (Figure 1-7).

Figures 1-20, 1-21, and 1-22 summarize the AGC loop design equations for
easy reference.

A basic understanding of various methods of controlling amplifier gain

will now be presented.

Variable Gain Elements

This section will present a basic discussion of several modern variable gain

techniques. The approach to vary IF/RF amplifier gain in years past (early
1960s) was to vary the operating point of the amplifying transistor (forward
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FIGURE 1-20. Low-Pass Filter, Square Law D~etector
Design Summary.
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FIGURE 1-21. Low-Pass Filter, Linear Detector
Design Summary.
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FIGURE 1-22. Integrator Design Summary.
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and reverse AGC). This method has two drawbacks that become serious in

modern high-performance systems:

1. The dynamic range of the transistor is altered as the operating point

changes.

2. Changes in the transistor's frequency characteristics occur, which

make phase and amplitude tracking most difficult.

In general, there exists an operating point at which a transistor (Bipolar or
FET) exhibits its best performance (low noise, bandwidth, gain, etc.), and any
deviation from this operating point will result in degraded performance.

What, then, can the designer do if a variable gain is desired without

changing the bias of the amplifying transistor? The answer, obviously, is to

change something else.

P-N Junction Diodes as Variable Gain Elements

If a diode is included in either the emitter or collector of a transistor,

changing the diode voltage or current will vary its impedance, and thus
change the circuit's gain without affecting the transistor itself. Furthermore,
depending upon whether the diode is placed in the emitter or collector leg, and
whether it is controlled by a current or a voltage, four different gain versus

control-signal transfer characteristics can be obtained: linear, logarithmic,
hyperbolic, and inverse logarithmic.

The first step in implementing this scheme is to determine the dynamic

resistance of the diode as a function of its applied voltage or current. The
voltage across a forward-based diode is given by

V = qVTLn (0F
1 ls + IFR (1 98)

40



where

VF = diode forward voltage drop

q = diode constant (temperature insensitive)
2for silicon
SIfor Schottky

VT = KT/q

K = Boltzmann's constant

T = absolute temperature

q = electron charge

IF = diode forward current

I, = reverse saturation current (temperature sensitive)

R, = ohmic (bulk) resistance

If Equation (1-98) is differentiated with respect to IF, the dynamic

resistance (rd) is obtained

q V T  11L99)
rd -IF+R

or, as a function of forward voltage,

.. V T -V (1-100)
rd  a exp V T

For modern diodes, the bulk resistance, R5, is on the order of 1 ohm and can be

neglected in both equations.

To make use of Equations (1-99) and (1-100), the two constants 1s and rl

must be determined. 1s is found by examining a plot of log IF versus VF

(Figure 1-23) and extrapolating the straight portion (logarithmic region) until

it intersects the ordinate. Alternatively, the reciprocal slope, m, of the

straight portion can be measured and then, using any voltage current pair, V"

and Ix, I, is given by

log I. = (mlog I - VX)m
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FIGURE 1-23. Calculation of 1,.

The slope, m, is measured in volts per decade of current. It should be noted
that the curve will change with temperature.

I, is a strong function of temperature while il is relatively unaffected by it.
Furthermore, it is found that q is quite constant for a whole diode family,

although Is may vary greatly from unit to unit.

Most amplifier gains can be expressed in the form A, = RC/RE where R(,

and RE are collector and emitter resistances, respectively. Therefore, a
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variable-resistance diode placed across one of these gain-determining

resistors may be used to control the amplifier's gain.

The four basic configurations shown in Figure 1-24 illustrate the

flexibility of the technique [2].

One problem that this diode technique shares with more conventional

methods of gain control is the undesired changing of the circuit gain by the

gain-controlled signal itself (self-AGC). If the ac signal appearing across the

gain-controlling diode is too large, it will strongly affect the circuit gain.

While this effect cannot be eliminated, it can be kept within set limits by

making sure that the ac signal across the diodes does not exceed

ed = mlog(A /A ) (1 1021

where

ed = the (instantaneous) value ofthe ac signal voltage across the diode

m = the reciprocal slope discussed in Figure 1-23

At, = the desired gain of the amplifier

A, = the minimum acceptable gain including the self-AGC effect.

Consider, as an example, a gain-controlled amplifier biased to provide a

voltage gain of 10 (20 dB). Suppose that loss of 1 dB due to self-AGC is the

maximum that can be tolerated; this would reduce the voltage gain to 8.9 (19

dB). If the diode slope, m, equals 120 mV/decade, then

10

ed = 0.12 log 1.9  6mV (1 103)
d 8.9

Thus the maximum ac signal across the diode should not exceed 6 mV.

43



200 INVERSE LOG FUNCTION
LOGARITHMIC FUNCTION

s- VCC DIODE 10

SATURATION1 EFFECT OF RC

10- OUT OUT
IN -CONTROL CONTROL

VOLTAGE VOLTAGE
10

R EE
10 - 110

10 -REDIODE

EFFEC Av-RRE SATURATION
OFRE AV-RC/RE' RszI10

001,RC 1 _j i

01 02 03 04 05 06 01 02 OZ 04 05 06

CONTROL VOLTAGE ( V) CONTROL VOLTAGE (v I

L. NEAR FUNCTION

,00 - VCC HYPERBOLIC FUNCTION 3

EFC RCaOUT 25DIODE SATURATION

OF RIC F, CONTROL

CURRENT

10 -20 VCC

RE 
R

15 - OUT

A:- RC'/ RE CONTROL

R Ez100 OHMS 10 I URN

ID RC*r'd

DIODE \SATURATNN5 AV-RC/R E R E

RE)>

Oil 01______________

10 1 I0 I2 I03 0 0 05 10 IS 2 0

CONTROL CURRENT (4A) CONTROL CURRENT InTAl

FIGURE 1-24. F~our Basic P-N D~iode AGC Configurations.
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It is often necessary to have several amplifiers track in gain and phase. If

the variable gain control is a current, little problem in diode matching for
amplitude tracking arises.

The Four Basic P-N Diode AGC Configurations

The four circuits shown in Figure 1-24 demonstrate the flexibility of the

diode gain-control approach.

The gain equations all assume a transistor alpha of unity. Deviations from

the ideal response at low values of rd are caused by diode saturation. At the
other end of the scale, deviations arise as rd approaches the value of the

bypassed resistance.

For the cases of the emitter-coupled diode (linear and logarithmic

functions) RE'is the parallel combination of RE and rd. When the diode is

effectively across the collector resistor (hyperbolic and inverse log functions)

R(,'represents the parallel combinations of RC and rd.

A good working estimate of the gain temperature coefficient for the

voltage-controlled cases is +2 mV/"C. This means that, for decreasing

temperatures, increasing the applied voltage by 2 mV/"C will keep the gain

constant. For the current-controlled cases, the temperature coefficient is

approximately -0.17%/"C. Thus, for decreasing temperatures, decreasing I

by 0.17%/"C will provide constant gain. (These numbers assume silicon

diodes.)

Equation (1-99) indicates that the diode dynamic resistance, rd, when

driven from a current source, is not a function of I. Since rl, for a given diode

family, is quite constant and the diodes can be colocated to ensure they are at

the same temperature, little problem in diode matching is encountered;

simply ensure the diode slopes, m, meet the following criterion:

45



dB match

m B

Thus, to ensure a 1-dB gain match, the diode slopes (AV(mV)/Decade I4)

must be

m A  (1-105)
= 10 = 1.12

or the slopes must be matched to within 11.2%, which is quite easily

accomplished.

If the control signal is a voltage, however, the diode resistance will depend

on I,, which is most temperature sensitive and varies from diode to diode. To

ensure a given match, the diodes' forward voltage must be matched to within a

specified limit, AVF.

A simple equation relating AVF for a given gain match may be given as

AV TF = (T)dB Match) I 0 - 5 (1106)

Consider that two amplifiers must gain track to within 1 dB. Assuming

Schottky diode (q = 1) the necessary forward voltage match, AVp', as a function

of temperature, is given in Table 1-7.

To ensure proper phase tracking, the variable gain amplifiers must have a

much wider bandwidth than the IF center frequency, and the variable diode

TABLE 1-7. AVF Match Necessary

for a 1-dB Tracking Error.

Temperature, "C ("K) AVF, mV

+100 (373) 3.7

+27(300) 3.0

-50(223) 2.23
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resistance should not have any affect on any frequency- or bandwidth-

determining elements. A simple method to minimize any frequency or
bandwidth degradation is to use variable attenuators following broadband
fixed-gain stages as illustrated in Figure 1-25.

To ensure that, in an AGC loop, the low-pass filter or integrator (Figure 1-
2) determines the frequency response, all capacitors must be small to ensure

that the variable attenuation response is much faster than the desired AGC
response time.

Figure 1-26 illustrates a block diagram of a commercial 60-MHz variable
gain IF amplifier using P-N junction-diode controlled attenuators. Figure 1-
27 illustrates the gain versus AGC voltage, and, as can be seen, the slope is

fairly constant for gains from 10 to 55 dB. The self-AGC (for a 1-dB gain

compression), as a function of gain and input power, is illustrated in Figure 1-
28. The importance of this curve is that it clearly illustrates that a maximum

output of - 15 dB is permissible for a gain of 0 dB. Thus, over the full variable
gain range of 60 dB, this amplifier does not have the output capability to drive
a detector into its linear region. Thus the amplifier is suited only for square

law detectors.

VARIABLE GAIN CONTROL

FIXED GAIN FIXED GAIN

R
IF INPUT IF OUTPUT

FIGURE 1-25. Basic Variable Attenuator Configuration.
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INSERTION LOSS INSERTION LOSS

PIN(dBm) 22 dB ATTEN 22 dB ATTEN 22 dB P0(dBm)

AGC VOLTAGE

FIGURE 1-26. IF Amplifier Configuration.

6 0 N 6
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c40

\ X 22 dBVOLT

< 30

20 -

10 -

10

0 I I I
0 -1 -2 -3 -4 -5

AGC VOLTAGE, V

FIGURE 1-27. IF Amplifier Variable Gain
Characteristics (Commercial 60-MHz
Variable Gain Amplifier).
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0- 1-dB SELF-AGC
(COMPRESSION)

o -30-/'

-40 - 0

-50

-60 I , I
0 -10 -20 -30 -40 -50 -60

IF INPUT POWER (PIN), dBm

FIGURE 1-28. Self-AGC Characteristics
(Commercial 60-MHz Variable Gain
Amplifier).

P-N junction diodes have two serious limitations in modern EW systems:

(1) self-AGC starts at low input voltage levels, and (2) they are generally
frequency-limited to IFs of less than 100 MHz. The PIN diode, however,

overcomes these limitations.

PIN Diodes as Variable Gain Elements

The PIN diode appears as an almost pure resistance at frequencies up to

several thousand MHz, and is similar to the P-N junction diode in that this
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resistance is a function of bias current or voltage. The general circuit concepts

discussed earlier are valid for PIN diodes; however, they are most used as

variable resistance elements in variable attenuators, usually in the n, T, or
bridged T configuration, as illustrated in Figure 1-29. The designers of

voltage variable attenuators using PIN diodes ensure that the 50 ( input and

output impedances are fairly insensitive to attenuation level.

R1 R 1  R1

PIN R

(a) n (b) TR1

PIN l2 POUT

(c) Bridged - T

FIGURE 1.29. Several PIN Diode Configurations
(RI and R 2 Represent the PIN's Variable
Resistance).

The variable resistance of PIN diodes behaves in a manner similar to that

of P-N junction diodes, in that it is an exponential function of voltage and a

linear function of current. Also, the variable resistance is a strong function of

temperature when driven from a voltage source, and relatively constant when

driven from a current source.
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Figure 1-30 illustrates the variable resistance versus forward current for a

commercial PIN diode suited for use in variable attenuators (3, 4,and 51. The

variable resistance, rpIN, may be given as

KpI 
(1 107)

rP 
N  IF KP

2

where Kpj and Kp2 are PIN diode constants and can be determined as

illustrated in Figure 1-3 1.

The ease of using Figure 1-31 will become apparent by finding rPIN for the

"typical" resistance characteristic illustrated in Figure 1-30:

IFA = IOpA rpINA 900f Ir = I mA, rPINA 150

SPEC LIMITS ON
BIAS CURRENT

z 1000 HIGH RESISTANCE SPEC LIMITS

L)
z
i-. 100 - TYPICAL RESISTANCE
in CHARACTERISTICS
U)

LOW RESISTANCE
C 10 -SPEC LIMITS•

.5
5 pA 10 pA 100 pA ImA lOmA 50mA

DC BIAS CURRENT (IF)

FIGURF 1-30. VariaLle Resistance
Characteristics for an H P 5082-3004
PIN Diode.
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Log (rpIN A/rPIN B)

Kp2 Log ( IFB/'FA )
rpIN A

S LopLog rpI N A gIF09 r8

L og( ' 
F

'PIN IFA I0 Kpl . 'PNA09)

rpIN B

IFB

IF

FIGURE 1-31. Method for Finding PIN Diode Constants.

KP2 i 3a 10 F 0.889 (1-08)

Lg(10 x 10 - 6

Kp = (900)(10 x 1O-6) 0"  = 0.032 (1-109)

Thus the variable resistance for the "typical diode" is

0.032 (1 -II0)
rPI N  IF & M 8

Figure 1-32 illustrates the basic configuration for a commercial n

attenuator using PIN diodes. The variable attenuation characteristics are

illustrated in Figures 1-33 and 1-34. Figure 1-35 illustrates the self-AGC

effects, and as will be noted, there is little self-AGC for input powers less than

0 dBm. The PIN diode is far superior to P-N junction diodes with respect to

self-AGO.
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CURRENT OR VOLTAGE CONTROL

VBIAS

FIGURE 1-32. WJ G-1 PIN Attenuator.

-35

-30

m -25

O -20- WJ G 1
f 250 MHz

z -15
Lu
I.-

< -10 I

-5

0 2 4 6 8 10
CONTROL VOLTAGE, V

FIGURE 1-33. Voltage Drive
Characteristics for PIN Diode
Attenuator.
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FIGURE 1-34. Current Drive
Characteristics for PIN D~iode
Attenuator.

-20

oW -15

z -1

-5

0
+5 0 -5 -10 -15 -20 -25
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FIGURE 1-35. Attenuation Versus
In put Power (Self-AGC Effect).
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Figure 1-36 illustrates the effect of frequency on the variable attenuation
characteristics of the PIN diode attenuator. The importance of this figure is
that it is an indicator of reactive (rather than pure resistance) effects. For
frequencies below 1,000 MHz, Figure 1-36 indicates that attenuations of less
than 20 dB are due to the PIN diode resistance. This insensitivity to
frequency greatly eases the amplitude and phase tracking from unit to unit.
Amplitude tracking to within ± 1 dB, and phase tracking to within less than

± 5 degrees,is not difficult to obtain if the attenuation is limited to less than
20 dB and is via current control.

0

10-

TO PURE PIN DIODE
20 - RESISTANCE

0"2000 MHz

<: 1500 MHz
Z 3 1000 MHz
wu 30

< 500 MHz

40 -

50 J 100 MHzI

0 5 10 15
CONTROL VOLTAGE, V

FIGURE 1-36. Attenuation Versus Control
Voltage as a Function of Frequency
(Obtained from the WJ CG-I Data Sheet).

GaAs FETs as Variable Gain Elements

The advent of GaAs monolithic microwave integrated circuits (MMIC)

extends the variable pure resistance needed for frequency insensitive variable
attenuators to more than 10 GHz. Attenuator configurations using GaAs
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FETs are similar to those illustrated in Figure 1-29; however, unlike PIN

diodes, the FETs are monolithically integrated and very close matching would

be expected.

Figure 1-37 [61 illustrates a modern voltage variable attenuator utilizing

GaAs MMIC technology. The attenuator and operational amplifier within the

box compare a reference attenuator that ensures a 50 Q input and output

impedance independent of attenuation. Assuming close matching between

the reference and signal attenuators, the RF input sees a 50 0 impedance

(with RF output terminated in 50 Q) independent of attenuation. The

linearizing circuit compensates for the nonlinear attenuation versus control
voltage (FETs are voltage-controlled, not current-controlled, devices). Figure

1-38 illustrates the variable attenuation characteristics.

Self-AGC effects depend upon FET design and geometry. Maximum input

power of 0 dBm is typical (for 0.5-dB change in attenuation due to self-AGC).

CONTROL

VO LTAGE +

IUINEARIZINGI
IC RCUITI } V -

SIGNAL ATTENUATOR,

___ 2 0 _ 9
REFERENCE

FIGURE 1-37. WJ-RG45 GaAs FET
Voltage-Controlled Attenuator.

56



v25,

o 20F

S15

10 -1
5

01

0 1 2 3 4 5

VCONTROL'

(a) Without Linearizing Circuit-
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I-- 10

5

0.......
0 0 2 3 4 5

VCONTROL'

(b) With Linearizing Circuit.

FIGURE 1-38. WJ-RG45 Variable
Attenuation Characteristics.
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Matching amplitude and phase is not as simple as one would expect for a
monolithic design; in fact, it is easier to match PIN diode attenuators

(amplitude less than ± 1 dB, phase less than ± 5 degrees) than GaAs FET
attenuators. This may change as GaAs MMIC technology matures.

Many modern EW receivers are designed using commercially available

wide-bandwidth fixed-gain amplifiers (which can be chosen for optimum noise

figure, output power, etc.) and variable attenuators that can be positioned to

optimize the linear dynamic range. The desired bandwidth and center

frequency can be obtained with properly placed filters. A typical monopulse

receiver employing variable gain may well appear as shown in Figure 1-39.
Amplitude and phase matching can be accomplished by testing at the

component level.

Applications

Several applications will now be presented to illustrate the design concepts
previously described. Only the basic circuits will be presented since a

r ~ ~ C X _ r r
-w LU<<<

V) 0 < DD

_ TO BAFRE

FIGURE~ 1-39. Basic Monopulse Receiver.
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complete design, for even a simple AGC loop, would require more in-depth
linear circuit design background than can be presented here.

To illustrate the design procedure, we will first consider a simple 30-MHz
CW IF amplitude nulling loop.

A 30-MHz CW AGC loop is desired that will give a -15 dBm (-0.25 dB)

output. The loop is to operate in the square law region of the detector diode,
and inputs to the IF amplifier are -60 dBm minimum and -10 dBm
maximum. The loop should be of the low-pass filter design, with a closed loop
bandwidth of at least 5 kHz (or loop rise time of 70 ps).

The variable gain characteristics for the 30-MHz amplifier is illustrated in
Figure 1-40, and, as can be seen, the variable gain slope is nearly constant at

X = 70 dB/V.

70

60 -

50-CO

LL40 X= 70 dBV
30 -

z
1 30-

L-

20 -

SELFAGC STARTS
10 AT -10 dBm INPUT

0\OF I I I I I 1I
30 3.2 3.4 3.6 3.8 4.0 4.2 4.4 4.6

AGC VOLTAGE, V

FIGURE 1-40. IF Gain Versus AGC Voltage
(30-MHz IF Amplifier).
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A back diode [7] will be used because of its near zero dc offset, thus

minimizing the need for temperature stabilization. The diode constant for the
detector (Ge BD-2) is

KS1 . 500 mV/mW (1 i11)

Figure 1-41 illustrates the AGC loop and A,, AA, and A, have been

combined to minimize parts. Since an output power of - 15 dBm is desired, the
power divider ensures the detector is also at - 15 dBm (this power is within

the detector's square law region). The IF amplifier's output will be 6-dB above
the output power, Pib" = -9 dBm, which is well within the power output

capabilities of the amplifier.

PIN(dBM)
P 

IF 6uF
POWER DIVIDER

AGC RfIf']

VOLTAGE

10 k 391 k92

+10 +10 V

10 kP 0 (Brnl ADJUST

FIGU RE !-41. Single Operational Amplifier 30-MHz AGC ILoop.

Referring to Figure 1-20, the value for A.. AA A may be found

- Q pdllm

'4_1

(Al.n(dB) x 103) 10 k 02 120

AAAA r = ADoUdTI
A A Al di

XK 1  10 10 -1

60



or

-( - 151

50 x 103 10 t1113)
A-Ac = 0.5

(70)(500) 10 10-1I

Thus,

A AAA =370 (1 114)

We will use a gain of 392 (392 kf2 feedback resistor, I kQ series resistor).

The feedback capacitor needed for a loop rise time of 70 pb f5 kHz closed loop

bandwidth) may be given as (Figure 1-20)

tX Ks A A A 1)
C--V

-P (dBmi tI 115)

9.56 x 103 R( 10 to

or

(70 x 10-6 )(70)500 (392 M(

- 151 0 1 1C)
9.56 x 10 3(392 x 10 3)t) 1 0

and

C = 0.0081 pFOetC = 0.01 PF 117)
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ERef in Figure 1-41 is adjusted for P0 = -15 dBm at an input power of

-35 dBm. Figure 1-42 illustrates the AGC voltage versus input power;

inputs larger than -10 dBm have a controlling effect on the IF amplifiers'

gain (self-AGC).

-80

-70

-60

E
- -50
z

et X =70 dB/V

c: -40
3
0
I

CL -30
z

-20

-10 SELF-AGC ACTION STARTS

0 1 I I 1
02 2.5 3 3.5 4 4.5 5

AGe VOLTAGE, V

FIGURE 1-42. AGC Voltage Versus Input Power
(30-MHz Continuous Wave AGC).
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Figure 1-43 illustrates the change in output power versus input power.
The output power changes from - 14.6 to - 15.2 dBm (Pin = - 10 dBm to Pin

= -60 dBm) or APo (dB) = 0.6 dB, which is very close to our design value of

0.5 dB. The loop rise time was measured (with ± 1 dB input steps) and was

found to be 65 ps, which is very close to our design value. The measured loop

gain is 90, with a predicted value (Figure 1-20) of

P i)(dBm)P1) (I-118)

LG = 0.23 x 10
-3 Ks1.X AAAA 0 0

or

- 15

LG=(0.23 x 10- 3)(500)(70)(392) 10 1-ll9)

or

LG = 99.8 (1-120)

which is very close to the measured value.

-15.8

E -15.6 -

-15.4
0

cc -15.2 -
LIJ

o -15.0

z -14.8

C -14.6

-14.4 1I I I I I
-10 -20 -30 -40 -50 -60 -70

INPUT POWER (PIN), dBm

FIGURE 1-43. Output Power Versus Input Power.
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This example was chosen not for its state-of-the-art importance, but to

illustrate the accuracy afforded by the equations presented. The circuitry

used to achieve a given AGC loop is entirely up to the designer.

An AGC loop for a pulsed conical scanning radar receiver will now be

presented.

Conical Scanning AGC Loop

The AGC loop illustrated in Figure 1-44 is typical of many conical

scanning radar receivers. The AGC loop keeps the video (eN) constant for

slowly varying intensity changes. However, the AGC loop must have
minimum effect at the conical scanning frequency to avoid any plane rotation.

Figure 1-45a illustrates a typical conical scanning radar. The angle return is

dependent on the modulation envelope of the return pulses (Figure 1-45b) and
phase, with respect to a reference voltage (Figure 1-45c). The resultant

azimuth and elevation signals are defined in Figure 1-45d.

S/H CTRIGGER~f.. t."

AGC VOLTAG

LINEAR eAN CHARTER
IF'DETECTION 

f

PI

~~~SA M PLE/H O LD _. w -,
A E  = _Rf,/Ri

eS/H

2 X dVL PHASE TO ANGLE

cO S IFTE DEMODULATOR

U_,

AGC VOLTAGE

IF AMPLIFIER VARIABLE GAIN CHARACTERISTICS

FIGURE 1-44. Conical Scanning Automatic Gain Control Loop.
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FIGURE 1-45. Typical Conical Scanning Radar.
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The information necessary for angle tracking is usually obtained by

comparing the sampled received signal with a reference signal (Figures 1-45b

and 1-45c); thus, the signal modulation envelope should have minimum AGC

at the scanning frequency. (If AGC were applied at the scanning frequency,

no modulation envelope would result, due to the inherent input modulation
reduction characteristics of the AGC loop.) Furthermore, any phase shift of

the received modulation envelope must be kept small to avoid cross talk
between the azimuth and elevation angle loops (plane rotation). The loop gain

at the scanning frequency must be much less than unity.

Assuming a linear detector, the modulation ratio of the normalized video

(MeN) to the intermediate frequency (IF) input (Mei,) may be given as [8]:

MeN I 11-121)

Mein I + LGY AGC )

where

LG= low frequency loop gain (Figure 1-21)

YAGC(f) = filter and sample hold transfer function at frequency f

Since YAGC(f) is a complex quantity, MeN will also be complex. In certain

conical scanning radar receivers, the scan modulation is extracted from the

sample/hold output, and it is important that the phase shift between the input

modulation and output modulation be insensitive to any dynamic receiver

parameters, or the coordinates into which the target alignment is resolved
will not coincide with the vertical and horizontal coordinates. (Any fixed

phase shift can easily be compensated by a phase shift circuit, as illustrated in

Figure 1-44.)

The low frequency loop gain for the AGC configuration of Figure 1-44 may

be given as (Figure 1-21)

LG. 0.115X AAAeN 122)
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The static regulation for a linear detector may be given as (Figure 1-21)

Ae(dB)=20 log ( 1) (1-123)
AN (dB=0o(Xmf A )

where

AeN(dB) = decibel change in normalized video for a given change in

APin(dB).

Equation (1-123) may be given as

Ae-(dB)=20og( AAG + 1  (1-124)
Nd 0 A A e

where

A i n. (d B) 1 125)

AAGC =-
x

Equation (1-124) may now be solved in terms of A.%AeN required for a
desired AeN(dB) and a specified AAGC:

A Ae AAGC (1126)A ceN (AeNtdB)2

10 -1

Now, since AAA~eN is known for given static regulation requirements, the

loop gain is also uniquely determined from Equation (1- 122).

The plane rotation as a function of AGC loop dynamics is fairly
complicated. However, provided that the signal PRF is much larger than the

conical scanning frequency, the plane rotation may be reasonably

approximated as [8]

Lt LF (I 127)
0 R Tan

CS
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where

Op/R = plane rotation due to AGC loop

fi, = conical scanningfrequency

fjd(LPF) = low pass 3-dB frequency response necessary for given (3pj[.

Solving Equation (1-127), f3dtl may be given as
f

f (LPF) = Tan ,( 128)
3dil LG P

A practical design example will now be given.

Design parameters: minimum input power for AGC action = -60 dBm,

maximum input for linear operation = - 10 dBm, conical scanning frequency
= 175 Hz, plane rotation = 5 degrees, Aen + I dB, instantaneous input

dynamic range + 10 dB.

To obtain a - 10 dB instantaneous input dynamic range, a linear detector

will be utilized (AeN(dB) = APn(dB)). Figure 1-46 illustrates the linear

characteristics for a Schottky diode, and, as can be seen, the detector output is

quite linear (dB out versus dB in) for inputs greater than -3 dBm. A

normalized value of PpD(dBm)N = +7 will be used (PpI)(max) = + 17 dBm,

PpI)(min) = -3 dB). PIN diode attenuators (with a linearizing circuit) will be

utilized to obtain the necessary gain variation as illustrated in Figure 1-47.

Figure 1-48 illustrates the basic AGC loop. A normalized video voltage

(eN) of -3 volts will be used. Thus, for a normalized Ppi)dBm) = +7 dBm

(Figure 1-46)

3
A = 3 5 0 129)V 0.6
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FIGURE 1-46. Linear Detector Characteristics.
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FIGURE 1-47. Basic Conical Scanning Receiver.
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FIGURE 1-48. Basic Conical Scanning AGC Loop.
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Figure 1-49 illustrates the AGC characteristics for the receiver (A, = 5
and eN = 3 volts). The variable gain slope, X, is 5 dB/volt, and AAAceN
(Equation (1-126)) may now be found

I0
AAeN 10 38.6 (1-1301

2

1020 1

and A, is (forAz = 1)

38.6 (1-!31)

A = (= 12.9(I 3

-10

-9

-8

-7

-6 X 5.5 dB/VOLT

I.-
- -50

c-> -4

-3

-2 'lV)

AAGC 50 dB -dB) = 10 VOLTS

0 1 1 1 1 I I 1

0 -5 -10 -15 -20 -25 -30 -35 -40 -45 -50 -55 -60 -65
IF INPUT POWER, dBm

FIGURE 1-49. AGC Voltage Versus Input Power.
eNlvideo = 3 V at -30 d Bm.
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The loop gain necessary for our static regulation is (Equation (1-122))

LG = (0.115)(5)(38.6) = 22.2 (1132)

The low-pass filter 3-dB frequency response (f3dB(LPF)) necessary to

ensure the loop gain is low enough for the desired 5-degree plane rotation is

(Equation (1-128))

175

fd(LPF) = -75 Tan5 = 0.69 Hz (1-133)
MB 22.2

The values for Rf, Cfand RI (Figure 1-48) will now be found

f LI ) = 1 1 134)
3dB = 2nRfC,

or

0.159

RC = -.159 = 0.23 (1-135)r f F~B (LPF)

Letting C = 6.6 pF,

0.23
Rf - 34.8 kQ (1-136)

6.6 x 10 -

andRI (forA, = 12.9) is

R r 34.8 (1 137)
R,= A -12.9 2.71 kf(
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Figure 1-50 illustrates the receiver and AGC loop characteristics. As can

be seen, AeN(dB) is quite close to our design value (± 1 dB). The sample/hold

signal is held for the pulse repetition interval, thus the duty cycle (D) is unity,

and the predicted rise time (Figure 1-21) is

2.2RC 2.2(34.8 x 103)16.6 x I0 6 138)
L --- 

1 8

r LG 22.1

or

L = 23msec H 1391
r

which compares favorably with the measured value of 27 rnsec.

> 4

15

1 C 5
uJ 0'

A,.N IN dB--T

SIGNAL l
2< THRESHOLD

0
20

0 -10 20 30 40 50 60 70
RF INPUT POWER, dBin

FIGURE 1-50. Receiver/AGC Variable Gain Characteristics.
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The sample/hold process complicates the loop stability, and the loop will

oscillate half the sampling frequency (PRF) if the loop gain at this frequency

exceeds unity [8].

Optimizing Loop Rise Times

The loop rise time calculations presented are valid only for small steps in

input power, typically less than ±2 dB. Tables 1-2 and 1-5 illustrate the

dependence of the input step and polarity on the loop rise time. As can be

seen, the rise time decreases for positive input steps (increased power), and

increases for negative steps (decreased power). This nonlinearity is due to the

inherent nonlinear properties of the detector. Figure 1-51 illustrates the

normalized instantaneous detector output for a square law detector, using

AP1PD(dBm) ( 1-140)

eDSL =10 10

10

ci, 9
>

<- 7
Hw '"j

0 
>  4 -UA

uiJ

N 4r
3

2-
,"" LINEAR

0 i 1 APPROXIMATION

-9 -8 -7 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 7 8 9

APIN(dBm) WITH RESPECT TO REFERENCE

FIGURE 1-51. Instantaneous Detector Voltage Versus APin(dBm).
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As can be seen, ej) is very nonlinear for APi,(dB) greater than ± 2 dB. Thus

the AGC integrator, or low-pass-filter input, will be large for + APi,(dB) and

small for -APin(dB) (e.g., for APin(dB) = + 5, Ae) = 3.2 - 1:= 2.2, and for
APin(dB) = -5, Aeo = 1 - 0.3 = 0.7). Thus the rise times for large values of

+APin(dB) should be expected to be shorter than for large values of

-APin(dB).

Certain AGC loops may require a more constant loop rise time with large

values of ± APin(dB). Two solutions to this problem are apparent from the

previous discussion: (1) have a shorter RC time constant for -APi,(dB) steps,

or (2) linearize el) versus APin(dB). These two techniques will now be

presented.

Variable Time Constant

Figure 1-52 illustrates a variable time constant circuit. This circuit
replaces the differencing circuit and integrator of Figure 1-9. The diode, DI,

blocks positive voltages (or + APin(dB)), and the loop behaves as it normally

does; however, D, turns on for - AP,,(dB), thus decreasing the integrator's RC

time constant (R 1 and R 2 are now in parallel). The transistor compensates for

the 0.6-volt DC diode drop. RI may now be adjusted to give equal rise times

for + APi,(dB). This circuit works for APin(dB) = ± 5 dBm. A much better

solution would be to linearize eN with respect to APin(dB).

Linearized Time Constant

A logarithmic amplifier preceding the differencing amplifier (Figure 1-53)

will linearize eN with respect to APi,(dBm). A logarithmic amplifier has the

following characteristics [9]

e N = KI log K,2 (Ave 1 )1-
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+10 V

eN N22I

ERef ADJUSTf i R 7V

FIGURE 1-52. Variable Time Constant Circuit.

eD AVeD eN

PpDd4m A LOG TO A AMPLIFIER

FIGURE 1-53. AGC Loop Employing Logarithmic Amplifier.

where

K,, K2 =logarithmic amplifier constants

Now , for a square law detector,

P sd0fim)
I'I)(1 142)

eD = K S.1 0 10
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and substituting Equation (1-142) into (1-141),

PPD dlm) (1-143)

eN=KI iogK 2 , Av IKS10 10

or

K1 P Pt(dBm K (1-144)
-N 1 0 K 

K I 
log(K 2 AvKsL S1.4

Taking the derivative of Equation (1-144) with respect to PpD(d]3m),

A e N  K 1-e = K (V/dBI (I-145)

I APPIM(B) 10

or, the logarithmic video output has a constant slope of KI/10(V/dB), which is

the desired result.

To calculate the static regulation, loop gain, and loop rise time, simply
include the logarithmic amplifier in the calculations given in Appendices C,

D, and E. Figures 1-54 and 1-55 illustrate the pertinent parameters for the

logarithmic amplifier AGC loop.

Figure 1-56 illustrates a basic pulse AGC loop incorporating a logarithmic

amplifier for optimizing loop rise times.
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PO(dBm) eV eN

LOG
P,~dm AA AE

AIF(dB)/ APD(dBM) ERef c

AGO

X = IF GAIN SLOPE (dB/V) LS = LOGARITHMIC SLOPE (V/dBm)
D= UPDATE DUTY CYCLE

STATIC REGULATION

Al(m)=AAGC Ae ( ) A AGC

u.sil 2AA,(LS) N.SI. A ,A A(LSI

LOOP RISE TIME (10 TO 90%)

4 = 1.05 RC
rI.XA A (LS)D

LOOP GAIN

LGSL 2XA A,(LS)

0.159 2.2 RC
fdl(.)= (1,G)RC tr )(LG i

FIGURE 1-54. Low-Pass Filter and Log Video AGC l)esign Summary.
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P,(dBm)eV 
N

0 = INTEGRVATOR UPAT DT

I d A7 E NRefs

LOO RIE TIE (10LOP 90%/) LS=LGRTMCLOE(

STATICCREGULATIO

I' d - 0LeN(d m

Lr.sI. XAA Ar(LS)D rli XA,,A (LSiD

LOOP GAIN

O.315XA A (LS)L) 018 A(. SiLG ~~ ~ .lX A1 A tI.SiniD%

0.331
(LG) (t) -r f

f = INPUT MODULATION FREQUENCY

FIGURE 1-55. Initegrator and Log Video AGC D~esign Summary.
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THRESHOLD

FIUE15.LierR iev AGOp Loop

INTEGRATOR
UPDATE

AGC
DELAY

SET

FIG URE 1-56. Linear Rise Time AGC ILoop.

Basic Loop Stability

AGC loop dynamics have been given as (Figures 1-5 and 1-6 and Equation

(1-13))

MI ' 146)

! + LG(f)

where

Mo = output modulation

MI = input modulation

LG(f) = frequency dependent loop gain
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Classical feedback theory tells us that the loop gain must be less than
unity when its phase shift is 180 degrees. The AGC loop designer must ensure

that this condition is satisfied. The loop frequency response is usually
dominated by the low-pass filter or integrator; thus, to avoid instability, the
variable gain element frequency response must be much larger than: (1)

f3dU(LPF) for the low-pass filter and (2) the frequency for unity loop gain for

the integrator.
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Appendix IA

POWER-VOLTAGE RELATIONSHI IS
FOR A 50-OHM SYSTEM

IF iNPUT W - "AIF -V-- iF OUTPUT

elN(PP) e.(PP)

(e rm1 2

H =0.02ie i 2 7.07R rni ens =707\I

e(l'P) = 2.S3e e(l'l = 20 -"=("- 2re , 
2 )

edHV) = 20 log elPJ' = 10 log P' + 26

P' dIlrn

P(dBm) 10 log 1P + 30 I1 = I X 10- 3 to o

e(dHVI I l'(dlim - 4 V'(d m) = 20 log e(t''I + 4

P(dBml- I I(dfl

e(Pl) = 10 = (0.63) 10

FIGURE IA-I. Power-Voltage Relationships
for a 50-Ohm System.
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Appendix 1B

BASIC DETECTOR CHARACTERISTICS

The crystal diode detector converts the IF waveform into a dc waveform for

continuous wave AGC, or into pulses for pulse AGC. The basic characteristics

for detectors are square law for low input powers (the output voltage increases

2 dBV for each dBm increase in input power) and linear for high input powers

(the output voltage increases 1 dBV for each dBm increase in input power).

Watson [101 covers detector characteristics in detail; however, several

important characteristics pertinent to AGC design will be presented here.

Figure 1B-1 illustrates the input-output characteristics for a typical

Schottky barrier detector (HP 5082-2800). The square law characteristics will

be covered first, then the linear.

The square law detector characteristics are valid for inputs of - 15 dBm

and lower. The detector output voltage, eD, may be given as

eD = KS p I'D

where

el) is in millivolts

PPD is in milliwatts

KS1 , is a square law detector constant

The diode constant, KSI,, is the detector static gain,

Ksn e mV B2-
P PD
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1I 0

0.1 -20 "-

C_ D

TRANSITION REGION H

or 0
0

H- 0

0.010 PpD(dBm)I 40 H
0 U0

eD

SQUARE LAW
REGION
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DETECTOR INPUT (PpD , dBm

FIGURE 1B-I. Detector Characteristics (see Figure 1-16).

and is fairly constant for detector inputs less than - 15 dBm. The value of

Ksi. may be found, provided a curve similar to Figure 11B-1 is given.
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The detector input power, PPD, may be given in terms of dBm as (Appendix

1A)
P I)(dBm)

PI,D(mW) = 10 10

substituting Equation (1B-3) into (1B-2),

-P PD(dB m
n (I11-4)

KSL eD 10 l (M..v

Referring to Figure 1B-1, KSI, is (for PPD = -20 dBm, el) 3.5 mV)
20

K , =(3.5) 101 -  m V

or

KSL 350 -- (11361
mW

Knowing K,, ejj for a Ppi)(dBm) may be found by solving Equation (1B-4)

for en:

PPI)(dBflni (1B1-7)

e ),Sl. KS1 10 10 (mV)

The dynamic detector gain, AD,S. (V/V), is necessary in calculating the

loop gain (Figure 1-6). The detector's dynamic gain will be found for a fixed

input, epi0 (PP):

d el) / 1118)

AD st(V/V d eD epP) )= Constant
d e D(1P) t
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IT

where (Appendix IA)

Ppi)dBrn)
P Dit) 0331-9)

e.(PP1) (0.63) 10 3

or

Pp(dBm) Li)

ep,, (,li) = (0.63) 10 (

and

P, 11 dBm) e (pp) Ii 0 )

0 PO\

(0.63)

Thus,

P PH(dBm)
__________(1B-12)

10 to 2.51 tePD,(PP)?1

Substituting Equation (iB-12) into (1B-7),

ev (2.51 )(K SL) Ietl'P)2 (mV)IB-13)

The dynamic detector gain, ADSi. (V/V), is

(V/V) d e D  
(11-14)I ~ A~L(VV d epo0 Pp

Thus from Equation (1B-13),*

A 13,81(V/V) - 5 x 10 - 3 KL e (P')

*KSL has been defined in terms of eo in millivolts (Ksi. et)(mV)/Ppt)(mV)). Thus KSL

must be divided by !,000 for eo in volts.
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Since (Appendix 1A)

DI' (dBm) (111-16)

e p(PP) = (0.63) 10 2

PpDidBm) 
(113 17)

A 1.s(V/V) = 3.76 x 10 - 3 Kst" 10 20

The dynamic detector gain in V/dBm, AD,.SI.(V/dBm), is needed when
solving for the loop rise time, Er, This gain may be found by differentiating
Equation (1B-7). The solution to this differentiation is

1I1)(dBm) 
H B 18)

Ai).s(V/dBm) = 0.23 x 10 - 3 K sl 10 10

The voltage gains for the diode illustrated in Figure 1B-1 are, assuming
PPD(dBm) = -30 dBm and KSL = 350,

-30
- (I1 19)

A St. (V/V) = (3.16 x 10- )(350) 10 20 = 0.035 V/V

-30 -- ( 111 20)
A D8(V/dBm) = (0.23 x 10- 3)(350) 10 to = 80.5 x 10 - 6 V/dBm

Figure 1B-2 summarizes square law detector characteristics.
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FF

ID PD(d B m)l eD(MV)

e,) /mV
KSL 13PD M

PD'

eD = KS "(10 0 ) 
- (V)

-P dltnO

KS. e 0 mV) 10 10 (mVmWj

P N)Ifin,

V ) 3. 1 a X 10 3 KSI" 1 5 x 10 3 Ksi e11i)(pp)

PD' dBniI

A D.(VidBm} = 0.23 x 10 3 K NL 10 In

FIGURE IB-2. Square Law Detector Summary.

Linear detector characteristics extend for input powers larger than -2

dBm for the HP 5082-2800 detector (Figure 1B-i). The output voltage may be

given as

e D.in = K ( B-21)

where

eDl,In is in millivolts

PpD) is in milliwatts

KLin is a linear detector constant

89



Solving Equation (1B-21) for KLi,

K e DLin MV B-22)

PD

PPD (MW) may be given as (Appendix 1A)

P(I B-23)

I PD(mW) = 10 to

Substituting Equation (1B-23) into (1B-21)

-P pD(dBm) (11-24)

KLin = el).in (mV) 10 0

Referring to Figure 1B-l, for PPD = + 10 dBm and eD = 520 mV, KLin is

- 10

K Lin  = (520 ) 10 
--D (11 25 )

or

KLin = 164 (0B-26)

The dynamic detector gain, AD,Li (VAT), will be found in terms of epDj(PP)

A (V/Ve= de.Lin (113-27)
A'n(/ -d e 1 ,D(PP)

Using Appendix 1A

P D(dBm)
(113 28)

e pi(PP) = (0.63)10 20

and substituting Equation (1B-28) into (1B-24), and solving for el),

eD = 1.59 K Iin epi)(PlI) (mV) (II 29)
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The dynamic linear detector gain may now be found (remember Klin is

defined in terms of eD in mV)

ADLi,(V/V) = 1.59 x 10 -3 K~11  (n B-30)

Thus, for the detector characteristics illustrated in Figure 1B-I (Pp13

+ 10 dBm, eD = 520 mV, KLi, = 164)

AD.jin(V/V) = 1.59 x 10 -(3(164) B-31)

or

A, 1 n (V/V) = 0.26 (111-32)

The dynamic linear detector gain in V/dBm, AD.Lin (V/dBm), can be found

by solving Equation (1B-24) for eD and then differentiating.

Pp tdBm )PD (I B-33)
e,) = KLn 10 0 (MV)

d eP (111-34)

A (V/dBm) d edm)
DLind PpD(dBm)

Thus,

PpD(dBn,)PD ((IB-35)

AD.i n(Vd Bm) = 1 16 x 10 
- 6 KU n10 2

and for our linear detector (PPD = + 10 dBm),

1o- (I B-36)

AD,Lin(V/dBm) = (116 x 10 -)(164)10 2-

or

A ),ln(V/dBm) = 60.16 x 10 - 3  (1B 37)
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Figure 1B-3 summarizes linear detector characteristics.

11, 1(d Bin) eD el)

e p / m%

l 'I 1)d ~
el ) = Ki~n ( 10 20 !x I013 V

P',A dllm

Kl~ -- el(mV l 0 20 M 11mV

IlAn m eD M

Ai)JAn (V'V) = 1.59 x 10 3 KLin

1,P , dlmaI'L)D ~

A IJn VdBml = 116 x 10 - 6 Ki n 10 20

FIGURE 1B-3. Linear Detector Summary.

92



Appendix IC

STATIC REGULATION CALCULATIONS

The static regulation of AGC loops will now be given. Figure 1-2a
illustrates the basic loop configuration.

The AGC voltage is

AGC = AA (ERe - ARef)) (

The voltage will vary as the input power is changed. The change in AGC
voltage may be given as

AAGC = A A AAeD (HC2)

where AeD is the maximum permissible change in detector output for the
desired change in input power. AeD may be given as

Ae D  = eDnax - el),,in (IC 3)

el) is related to detector input power, for a square law detector, by (Appendix

1B)

PPl)(dBm) (1C-4)

e D = KSL 10 10 (mV)

Substituting Equation (1C-4) into (1C-3),
P a(dBm) PPDmin (dB ) (IC-5)

Ael) = KSL Iio 10 -0 to
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This equation may be rewritten as

PpD max(dBm)
PPDmi(dHif) P 0 

AeD KSL 10 10 iO -I (1C-6)

10PPDmin

or

APPD dBm) (1C-7)

AeD = eD0in 1 0 _i

where

APpDSL (dBm) = PPDnax(dBm) - PPD.min(dBm)

Substituting Equation (1C-7) into (IC-2) yields

AP PDSL(dBm) '|C 8)

AAGC= AAA AeDn ,0

and solving Equation (1C-8) for APpD(dBm) gives

AP (dBm) = 10 log AAGC +1 1C9)
IDD,SL 'AA A evA ae D.min

Since the variable gain IF and predetector IF amplifiers are linear,

APpDSI (dBm) = All (dBm) (IC- 10)

and

AP (dBm) = 10 log AAGC +A= Aei+1) (IC-ilI)
I9F.SL
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The average value for eDN is

eD . .+ eDmin (IC-12)
DN= 2

If el),N is adjusted in the mid-AGC range, AAGC/2,*

AI (dBm) + I IC-13)
IFSI.~ A A e(C-

The same procedure can be used to find the static regulation for linear

detectors:

I A AGC
All (dBm) = 20 log + I (IC14)IFIin (AA Ae" A~vAA el N

Noting that

Ae =e (IC-15)
v DN N

Equations (IC-13) and (1C-14) become

AP I,,SL(dBm) = 10 log AAGC + ) (1C16)
AN

and

AIiJin~rdRm= 20 log( AAGC (IC-17)IF.Ln \ A A e

The IF output may be divided (power split) to drive two or more circuits.

Provided all circuitry is linear, the change in power-split output, AP,(dBm),

will be the same as APIpdBm).

*If the AGC voltage does not start at zero volt, AAGC/2 must be added to the voltage at

which the AGC action does start.
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Appendix 11)

AGC GAIN CALCULATION

The loop gain of the AGC loop is dependent on the AGC gain of the variable

gain IF amplifier. The AGC gain is defined as the change in IF output voltage
for a given change in AGC voltage, or (Figure 1-2).

Ael (PP)( 1)I

AAGC - AA 1 (in dBm) )= constant

where

Aewb(PP) = ely max(PP) - elK m.n(PP)

AAGC = AGCmax - AGCmin

AGCnin = AGC voltage for minimum gain

AGCmax = AGC voltage for maximum gain

The IF output power is

P F(dBm) = X(AGC) (11) 2

The IF output voltage in terms of output power is (Appendix IA)

P F(dB m i

e IFP) = (0.63) 10 20

or, substituting Equation (OD 2),

X(AGCO

e 1 F(PP) = (0.63) 10 21 (11) 41
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The change in amplifier output voltage now may be written as

X(AGC) XtAGC,
max mn 5)

Ae (1PI) = 0.63 -10 21D 10 20

or

xt A(;Ci

X AGC) m ax
IMin 1 0 2

10 20

or, using Equation (1 D-4) and simplifying,

XAA(C

AelI.cP i = e Fmin(IP) (10 20 - ) 11)7)

The parenthetical term in Equation (1D-7) is of the general form a'.

Expanding this exponential function,

Iln(al 2 IYln(a' I
a = I + Yin(a)+ 2 + 1 + .,. II) 8

1 2! ±1 3!

Provided Y is small (Y < 0.5), Equation (ID-8) simplifies to

11) 9)
a = I + Y In1a)

Equation (1D-7) now becomes

Ae e(PPI (F * I X4A(;C OI) 101

IF = Fminl 20 fIn IO)

or

AeIF (1 11) = 0.115 XAAGC e*F.Min I1) PI)
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Now Equation (ID-11) may be solved to find the AGC gain,

= 0.1 Ml e I (p 11) 12)

and this equation is valid, to within 10%, for

XAAGCX A C < 0.5 (11)13)

20

The eI,',min(PP) term may be replaced by e/Ib'PP); thus,

AAG C  = 0.115M eIF(p114I

or, for enp(PP) in dBm (Appendix IA),

I[FtdBm) 
(11) 15)

AAGC = 72.4 x 10 - 3 X 10 20
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Appendix IE

LOOP RISE TIME CALCULATIONS

The loop rise time for the integrator AGC loop (Figure 1-2b) will now be

found. The general method will be to solve for the AGC voltage in terms of

input power. This equation can then be differentiated to find the change in

AGC voltage with change in input power.

The AGC error voltage, e, (Figure 1-2a), is zero under static conditions;
however, if the input power is increased, the error voltage will increase and

fall back toward zero as the loop nulls. This error voltage may be given as

ec = AAAeD -AAERe f

The value for eD may be given as eDN, the normalized or static value, plus

AeD, the change in eD due to a change in input power. The static value for el)
may be given, for a square law detector, as (Appendix iB)

PPD NdBm(
PUN0 (E-2)

e D,N = KSL 10 10 (mV)

The value for AeD is

Ae D = JADsIV/dBm)IAPPD(dBm)j (mV)

or, from Appendix lB (Figure 1B-2),

Ae D = 0.23 eD N APID(dBI) V)
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where

ejN = normalized detector output voltage, volts

The instantaneous detector output may now be given as

e. = eD N  + 0.23 eD. N IAlPr P(dB) 01F5)

The value for APpD(dB) may be given as

AP PD(dR) = P PD(d~ml - 11 plN(dBm)

since

1PpD(dBm) = Pin(dBm) + AlF(dB) + APD (dB) OE 7)

and (Figure 1-3)

Al F(dB) = A (dB) - X(AGC) (IE-8)

PIPO (dBm) = P in(dBm) + A (dB) - XAGC) + A,,(dBI (IE-9)

Equation (1E-5) now becomes

e D = eDN (I + 0.23[IPin(dim) + Ao(dB) - X(AGC)

+ APD(dB) - PjD (dBm)l} (V) (IE-l1)

The error voltage may now be written as

eC =AVA,(ej), 11 + 0.23 1 Pin(dBm) + A (dB) - X(AGC;

+ AD(dB)- PP N(dB m ) } - (V) 0-I 1)
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The integrator output is

e c(S)AC (IE-12)
RCS

Substituting Equation (1E-12) into (1E- 11) and solving for AGC(S),

AGC(S) = AAAA (eDN 1 +0.23 1'.n(dBm) + Ao(dB) + AI D(dB)

SEke 'I (IE*1-)3

- AGC S)- lb (1.NdB) - - I /(RCS + 0.23XA A A el N )

A

To find the change in AGC voltage for a given change in input power,
Equation (1E-13) is differentiated with respect to Pi,(dBm), giving

AAGC(S) 0.23 AA 1 AreI).N (IE 14)

AP. (dB)(S) RCS + 0.23 XA A A e

or

0.23 A A A e1 . (IE 15)

AAGC(S) 0.3AAAe, All. (dR)(Si ( 5
RCS + 0.23 XA AA A e ).N in

Assuming a step change in input power,

0.23 A A Are AP. (dB)(S) (IE-16)

RCS + 0.23 XAAAA e .. S

The inverse Laplace transform of Equation (1E-16) is

ACt) = I-exp -/RC E17)X i 0.23 XA A A eD.N

The time constant for Equation (IE-17) is

T, = 1 18)
0.23 XA A A eI).N
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The 10 to 90% rise time, ir, may be approximated as

L 2.2T (HE-19)

Thus

9.56 RC(IE-0
-rSL = XA v AAA~eD.N (I E-20)

or, since

A e e (IE-21)
vO,N N

9.56 RC
LrSL = XA AeN ( E-22)

Using the same procedure, the loop rise time for the linear detector is

19.13 RC (IE.23)
r.l.in - XA A eN

The loop rise time for the low-pass-filter AGC loop is similar to that for the

integrator AGC loop. One main difference, however, is that the error voltage

is zero for the integrator AGC loop under static conditions, and is finite for the
low-pass-filter loop. The error voltage is small for a well-designed low-pass-
filter AGC loop,and may usually be neglected. The AGC voltage, for a square

law detector, may be given as

AAGC(S) = 0.23 AAA Ae All. (diB(S) (IE 24)

I + RCS + 0.23XA A A eD n

The AGC voltage for a step change in input power is

0.23 AvAAAeD. N  APin(dB) (I E 25)
AAGC(S) = RCS + 0.23 XAA A e N+ I S
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If

0.23XA A A e I> (IE-26)

AAGC(S) 0.23 A CAAA eD.N e APindB) (0 E-27)
RCS + 0.23 XA Ah A eD,N S

which is exactly the same equation as the integrator AGC loop, Equation (1E-
16). Thus, provided the conditions of Equation (1E-20) are met, the low-pass-
filter AGC loop has the same loop rise time as the integrator AGC loop,
Equations (1E-22) and (1E-23).
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Nomenclature

A conventional gain term

AAGC dynamic AGC gain

AD dynamic detector gain

AD,I.in dynamic detector gain for linear detector

AD,SL dynamic detector gain for square law detector

AGC automatic gain control

AjbjdB) IF amplifier gain, in dB
A1,1 integrator frequency dependent gain

A(dB) maximum IF amplifier gain, in dB

ApD predetector amplifier gain

A, video amplifier voltage gain

AA differencing amplifier gain
A, error amplifier voltage gain

C capacitance

CR compression ratio
CRlF compression ratio of the IF

CRvid compression ratio of the video
CW continuous wave

D integrator or low-pass-filter loop update duty cycle

dBm decibel referenced to 1 milliwatt

dBV decibel referenced to 1 volt

ed maximum ac signal across a diode for a given gain
error

ERef AGC reference voltage

eD detector output voltage

eDlin output of linear detector
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ej),Si. output of square law detector

eD,N normalized detector output voltage

ellb'PP) peak-to-peak IF amplifier output voltage

eN normalized video output voltage

epD)(PP) peak-to-peak detector input voltage

ernis root mean squared voltage

ev video amplifier output voltage

EW electronic warfare

f frequency in Hertz

fcs conical scan frequency

f;,Jv(LPF) low-pass-filter 3-dBV frequency response

3-dB frequency response for linear detector

3-dB frequency response for square law detector

IMR input modulation reduction

IF intermediate frequency

Ip' diode forward current

I, diode reverse saturation current

IT constant current source in milliamperes

K Boltzmann's constant

Kt, K2  logarithmic video amplifier constants

K;j, linear detector diode constant

KSI, square law detector diode constant

KptK(,2 PIN diode constants

LG loop gain

LG(f) frequency dependent loop gain

LG~in loop gain for linear detector

LGSI, loop gain for square law detector

105



LPF low-pass filter

LS logarithmic amplifier slope, in V/dB

m diode slope (AVF/decade of IF)
MeN normalized video modulation

Mo output modulation

M! input modulation

MPIb, IF output modulation

MPi, IF input modulation

Ppb'max(dBm) maximum IF amplifier signal output power, in dBm,
for AGC action

PIbmin(dBm) minimum IF amplifier signal output power, in dBm,
for AGC action

P i,,(dBm) signal input power, in dBm

Pin,max(dBm) maximum signal input power, in dBm, for AGC action

Pi,.min(dBm) minimum signal input power, in dBm, for AGC action
(sometimes referred to as AGC delay)

Po(dBm) signal output power, in dBm

PoN(dBm) normalized signal output power, in dBm

PpD(dBm) detector input power, in dBm

PRF pulse repetition frequency

PRI pulse repetition interval

q electron charge

RC collector resistor

RE dc emitter resistance

RF radio frequency

R, diode bulk resistance

rd  diode dynamic resistance

rpIN PIN diode dynamic resistance
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S Laplacian S

SL square law

T absolute temperature (Kelvins)

TpjIse integrator or low-pass-filter time constant

T, integrator or low-pass-filter AGC loop update time

Vp' diode forward voltage

VT KT/q

X slope of variable gain amplifier, dB/V

YAGC(f) conical scan filter and sample/hold transfer function

ZF operational amplifier feedback impedance

AAGC change in AGC voltage into IF amplifier

AAGC' change in AGC voltage at error amplifier output

Aejp PP) peak-to-peak change in IF amplifier output voltage
AeMdB) change in normalized video output in dB

AeN.j~i4 (dB) change in normalized video voltage, in dB, for linear
detector

AeNSL(dB) change in normalized video voltage, in dB, for square
law detector

AepD(PP) peak-to-peak change in detector input voltage

Ae,(PP) peak-to-peak change in error voltage
APF1dB) change in IF amplifier output power, in dB

APIF,I.in(dB) change in IF amplifier output power, in dB, for linear
detector

APIFSL(dB) change in IF amplifier output power, in dB, for square
law detector

APin(dB) change in input power, in dB

APO(dB) change in output power, in dBm

APoLin(dB) change in output power, in dBm, for linear detector
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APoSL(dB) change in output power, in dBm, for square law
detector

APpD(dB) compressed output variation

q diode constant

OpR conical scan plane rotation due to AGC loop
Tr loop rise time

Ir.lin loop 10 to 90% rise time for linear detector

TrSL loop 10 to 90% rise time for square law detector

b conical scan modulation phase shift, in degrees

AVh, diode forward voltage match necessary for a given
gain match
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Chapter 2

AUTOMATIC NOISE TRACKING LOOPS

Virtually all radar and electronic warfare systems employ a signal

threshold to start the necessary system timing process (signal sample/hold,

analog-digital conversion, etc.). The signal threshold voltage must be large

enough to prevent thresholding on noise, but not so large as to prevent

excessive loss in signal sensitivity. This chapter will discuss signal thresholds
from a basic, practical standpoint. The bibliography at the end of this chapter

lists many excellent references on signal thresholding. It is not the intent of

this chapter to be an all-encompassing thresholding tutorial, but rather a

discussion of the need for, and basic design of, an automatic signal threshold

that adjusts its voltage to keep the false alarm rate (signal crossings due to

noise) constant, despite excess noise generated in the receiver (due to changes

in gain due to automatic gain control (AGC)).

Figure 2-1 illustrates the basic configuration that will be presented. The

received signal is detected and amplified by the video amplifier. The resultant

signal and noise drive the signal threshold comparator.

The signal threshold (Vrls) is generally set for a given false alarm rate

(FAR) in the absence of signal. The false alarm rate is dependent on

individual system requirements; however, values generally range from one

noise crossing every ten seconds (FAR = 0.1) to ten noise crossings every

second (FAR = 10).
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The signal's threshold voltage determines the receiver's sensitivity.*

Thus, a large threshold voltage (for a low false alarm rate) requires a large

receiver input for signal detection (thus a loss in sensitivity). Signal

sensitivity is defined here as that input signal required to give an 80% count

of the input PRF (i.e., for a PRF of 2 kHz, the 80% probability of detection

(Pd I ) occurs when the pulse count is 1.6 kHz).

The video amplifier output noise (for unity receiver gain) is a function of

the detector, video amplifier noise figure, video bandwidth (By), and the video

amplifier gain (Av). The sensitivity obtained from such a configuration

(commonly called a crystal video receiver) can be greatly increased by

increasing the receiver gain (Appendix 2A). The video noise is independent of

receiver gain until the receiver noise into the detector becomes dominant.

Further increases in gain continue to provide an increase in sensitivity;

however, the noise at the output of the video amplifier also increases due to

increases in IF gain. Thus, the signal threshold must be increased to

maintain the required false alarm rate. Setting the signal threshold (for the

required false alarm rate) at large receiver gains results in a loss in

sensitivity and dynamic range as the receiver gain, thus, video output noise,

decreases.

Consider a receiver that has a bandwidth (BR) of 120 MHz, a noise figure of

5 dB, and a video bandwidth (By) of 7.7 MHz (Appendix 2A). Figure 2-2 shows

the sensitivity (PdIldBm) and signal threshold voltage (VTrIS) for the signal

threshold set for a false alarm rate equal to one for several values of GR. The

sensitivity with no receiver gain is -38 dBm (with VT set for a false alarm

rate of one). The sensitivity increases 1 dB for each dB increase in receiver

gain, as expected. The video amplifier output noise is constant for receiver

gains less than about 30 dB; however, as the gain is increased beyond this

*T he bibliography at the (nd of this chapter contains an extensive listing of sensitivity

related material.
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r

value, the video noise increases, necessitating an increase in VT to keep a

unity false alarm rate (Figures 2-2c :d 2-2d). The loss in dynamic range may
be given, for a square law detector (Appendix 1B), as (Appendix 2A, Equation

(2A-19))

DR I A (2-1)

DR lOLog
dflm VT IS

where

DRI loss in input dynamic range

VT I signal threshold needed for required false alarm rate at a

particular receiver gain

TI c0 = signal threshold needed for required false alarm rate for

no receiver gain

Thus, setting VTIS at the maximum expected receiver gain results in a

significant loss in input dynamic range as the receiver gain is decreased.

Figure 2-3 shows the signal sensitivity for two fixed thresholds: (1) VTIS =

2.15, the value necessary for a false alarm rate of one for a receiver gain of 56

dB, and (2) VT{S = 0.551, the value necessary for a false alarm rate of one for a

receiver gain of 50 dB. The loss in input dynamic range due to VTS will now

be found.

A. Signal threshold voltage (VTIS) set for a false alarm rate of one at a

receiver gain of 56 dB is 2.15 volts (Figure 2-2d). The measured sensitivity

(for GR = 0) for this threshold setting is -26 dBm (Figure 2-3a). The

optimum sensitivity for VT!S = 0.162 is -38 dBm (Figure 2-2a). Thus, there

is a loss in input dynamic range (and sensitivity) of

DR = -26- (-38) = 12dB (2-2)
dBm
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(a) G R=0, VTIS =2.15 V (see Figure 2-2d),
p 8% = 26.Pdl dBm

(b) G ITs = 0.551 V (see Figure 2-2c),
pd1 d~rm

FIGU RE 2-3. Effect of V'rlS on Sensitivity.
HR = 120 MHz,BV = 7.7 MIHz, NF. = 5 dB.
PW =0.5 iisec.
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The predicted loss in input dynamic range is (Equation (2-1))

Loss 2.5! 23

DR = 10Log = 11.3 (2-3)
dBm 0.162

B. Signal threshold voltage set for a false alarm rate of one at a receiver

gain of 50 dB is 0.551 volt (Figure 2-2c). The measured sensitivity (for GR = 0
dB) for this threshold setting is -32 dBm (Figure 2-3b). The optimum
sensitivity for VTIs = 0.162 is -38 dBm (Figure 2-2a). Thus the loss in input

dynamic range is

Loss (2-4)

)R = -32- (-38) = 6dB
dBma

The predicted loss is (Equation (2-1))

Loss 0.551
DR = 10 Log - = 5.3dB (25)

dBm 0.162

which also is in excellent agreement with the 6-dB measured value.

Figure 2-4 shows the increase in sensitivity and loss in input dynamic
range as a function of receiver gain.

Figure 2-5 shows the increase in false alarm rate with increased receiver

gain for a signal threshold of 0.162 volt (Figure 2-2a). It is obvious that for
receiver gains in excess of about 40 dB, the false alarm rate increase is

intolerable. The system engineer must make a decision about decreasing

receiver gain and losing sensitivity, or increasing the signal threshold and

losing dynamic range. What to do?

If a radar or EW system requires the maximum sensitivity available, and

the loss in input dynamic range accompanying a fixed signal threshold cannot

be tolerated, a noise riding threshold may be the only solution.

117



-90
m Ui

-70 1404
Ucc

i ~>-60 .
Lo 70 i2 I I I4 0 <,

- 5 3 4

0 2 C0

cc 0>_-0 10 20 300 0 6

RECEIVER GAIN, dB

FIG URE 2-4. Effect of Receiver Gain on Sensitivity
and IDynamic Range. BR = 120 MHz, Byv = '7.7 MHz,
NI"R = 5 dB, PW = 0.5 psec, rms noise (gain < 30 dB)
- 35 mV, FAR = 1.

One method to obtain a noise riding threshold is illustrated in Figure 2-6.

Circuit operation is straightforward: the noise comparator is triggered for
noise voltages greater than the noise threshold voltage (VTIN). The noise

comparator output triggers the noise one-shot (to ensure reliable triggering of
the noise counter). The resultant noise is counted (provided no signal is

present) during the counter enable time (Tc) and digitally converted to an
analog voltage (DAC). The DAC analog voltage (which is controlled by the
noise count during the noise counter enable time) is compared with a

reference voltage (-V~ef) and the resulting error voltage (VE) is

DAC- Re (2-6)

<~~ -5

r 2
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FIGURE 2-5. Increase in False Alarm
Rate with Receiver Gain for VT = 0.162,
BR 200MHz,Bv = 7.7MHz,NFR = 5dB,
PW = 0.5 psec.

which is integrated during the noise integrator enable time (TI). The noise

threshold loop, via feedback, ensures that the noise integrator input voltage
(V,) is driven to zero. Since there is only one DAC input (noise count) that will

ensure VDAC = VRef, the noise comparator output count is constantly
independent of input noise amplitude. The noise threshold voltage (VTIN) is

increased by the signal threshold amplifier (AVIST). The larger the signal

threshold amplifier gain, the larger the signal threshold voltage; thus, the

lower the signal comparator false alarm rate. To ensure that the noise count

is insensitive to the input signal, the noise counter is disabled via the signal

threshold comparator. The signal comparator one-shot ensures that the first

signal threshold crossing determines the sensitivity. Without this one-shot

(or similar digital element), a threshold count well in excess of the input PRF

will be obtained for large receiver gains (thus large noise) as illustrated in

Figure 2-7.
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VTIS

(a) NOISY SIGNAL INPUT

Nb) SIGNAL COMPARATOR OUTPUT (MULTIPLE
1111L TRIGGERS DUE TO NOISE ON PULSE)

1h (c) SIGNAL COMPARATOR ONE-SHOT OUTPUT

FIGURE 2-7. Excessive Sensitivity Count
and Realistic Count for Noisy Signals.

Appendix 2A shows that for a noise count (false alarm rate) of 250 kHz, the

threshold voltage is reasonably insensitive to receiver gain, and this value
will be used for the normalized noise threshold count in Figure 2-6. The noise

count is only enabled for time, TC (Figure 2-6), since a count of 250 kHz would
require an excessively large DAC. Equation (2-7) presents the relationship

between the desired normalized noise threshold count (FARN), counter enable

time (TC), and normalized noise count (N)

N = FARN (in kHz)l ITc (in psec)] x 10 - 3  (2-7)

or

N x 10 3  (2-8)

FAR N (in kHz)
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where

N = normalized noise counter count for a

Tc = DAC enable time (in psec) for a

FARN = normalized noise threshold count (in kHz).

Assume the following:

8 X 103  
(2-9)

FAR = 250kHz, N = 8, T - 250k - z 32psecN T~1sC~ 250 (kHzi

The noise integrator update time (TI) should be as small as practical to

ensure that the noise riding threshold can track noise changes due to changes

in receiver gain. A value of Ti = TC will be used for the example to follow.

The noise riding threshold illustrated in Figure 2-6 will be designed for

receiver/detector video amplifier characteristics illustrated in Figures 2-2, 2-

3, 2-4, and 2-5.

Design characteristics:

FARN = 250kHz N = 8 TC =32 psec I 1 T = 32 psec

Figure 2-8 illustrates the functional noise riding threshold schematic. The

three least significant bits for the DAC are grounded and only the four most

significant bits are used. The DAC08 has a current output and the voltage
integrator error (Figure 2-6) may be represented as shown in Figure 2-9. The

noise counter and DAC (Figure 2-7) are configured such that a noise count of

eight in 32 psec (see Equation (2-8)) is obtained. Table 2-1 gives V, as a

function of noise counts, N. Thus, as the noise count is increased (N > 8), the

effective noise integrator error voltage (V,) becomes negative, increasing the

noise threshold voltage, and thus decreasing N and driving V, to zero. The

signal threshold amplifier (AvIs'rI) increases the noise threshold voltage and

adjusts for the desired maximum false alarm rate.

1 S = (AV I ST 1 T IS(2-10l
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VCC

C

R < R
V VTIN
ye +*7~

VE VCC -
R

a) DAC OUTPUT b) THEVENIN EQUIVALENT OF a.

FIGURE 2-9. DAC Output Voltage.

TABLE 2-1. Noise Error Voltage, V,
as a Function of N.

N DAC input VC

0 0000 VCC

8 1000 0

15 1111 =VCC-IRefR
= - VCC

IRef = VCC/RRt f

Diodes DI and D2 comprise a lower noise threshold el,,,p to prevent the
noise riding threshold from attempting to lock on negative noise crossings.

Figures 2-10, 2-11, and 2-12 illustrate the measured results. The signal
threshold amplifier determines the maximum signal false alarm rate and th(
results of three values of AVIST gain are shown.
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A. Figure 2-10 gives the sensitivity (Pd8*) as a function of receiver gain.

As can be seen, the data compare quite well with the manually adjusted signal

threshold data of Figure 2-4.

-90

/
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u-0 -VTI
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0
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0

o - 50

/ -40z
U,

-30I I I I I
0 10 20 30 40 50 60

RECEIVER GAIN, dB

FIGURE 2-10. Sensitivity as a Function of Receiver Gain
and Signal Threshold Amplifier Gain.
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B. Figure 2-1 la shows the noise count as a function of receiver gain, and it
is quite insensitive to changes in receiver gain (input noise). Figure 2-11b
shows the signal false alarm rate for three values of AVlST. Increasing AvlsTi'
decreases the FAR at the expense of sensitivity (Figure 2-10).

z= 500,000 j0

U 300,000 -..............

C 200,000
z

(a) Signal False Alarm Rate as a Function of Receiver Gain.

10

7

,o

U-

<-- VTI s  3.25 V tl
3 -TI

-J
Z 0.7-

n 0.2 Vfl s  3.75 VTINk

0.1 1 1 L
0 10 20 30 40 50 60

RECEIVER GAIN, dB

(b) Noise Threshold Count as a Function of Receiver Gain.

FIGURE 2-11. Signal False Alarm Rate and Noise Threshold Count
as Functions of Receiver Gain.
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C. Figure 2-12 shows the signal threshold and noise threshold voltages as
a function of receiver gain.

5.0

3.0-

_1

< 1.0-
T-

o 0.5-
-1-0

L VT INcc: 0.3 - VTI s  3.25 VTIN 
/ V I

I
F-

0.1
0 10 20 30 40 50 60

RECEIVER GAIN, dB

FIGURE 2-12. Threshold Voltages as a Function of Receiver Gain.

A basic model to determine loop closure time for a change in video noise

(due to changes in receiver gain) is presented in Figure 2-13. The false alarm

rate is modeled as a voltage controlled oscillator having an output frequency

that is the normalized false alarm rate (250 kHz for our design example). The

oscillator has a slope of

FAR
SF- Volt
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INTEGRATOR UPDATE

NORMALIZED FAR S DC0

V

F~IGURE~ 2-13. Basic Noise Riding'l'hreshold Feedback Model.

and is a nonlinear function of voltage (see Figures 2A-9, 2A-l11, 2A- 13, and

2A-16). Figure 2-14 illustrates false alarm rate as a function of threshold

voltage (see Figure 2A-9). At large false alarm rate values (greater than

1,000) the curves can be approximated as

FAR = aexp( -n%.,) (211)

where

a FiAR (forV., =0) (2 12)
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and

dFAR an exp(-n V, I ( FAR 2-14)
d T Volt

V = n- Ln (- (2-15)

Table 2-2 summarizes the results of Equations (2-11) to (2-15) for the

curves of Figure 2-14.

TABLE 2-2. FAR Results from Figure 2-14.

a n FAR VT(FAR z Sp (FAR =

Curve (Equation (Equation (Equation 250 kHz) 250 klz)

(2-12)) (2-13)) (2-11)) (Equation Equation
(2-15)) (2-14)

A 100 x 106 46 100 x 106 0.13 -11 x 106
exp - 46 VT liz/volt

B 200 X 106 17 200 X 106 0.39 -4 X 106
exp - 17 VT Hz/volt

C 100 x 106 8.2 100 x 10(; 0.73 -31 x 103
exp - 8.2 Vr Hz/volt

The loop closure time will now be found for Figure 2-13.

The loop gain (LG) is

(S I(SDAC ) 1) 2 162

12nfRC

where

I) = integrator update duty cycle (see Equation (1-94))

129



1,000,000

100,000 1

,,

I-I

ti 10,000

01,000 o 0.

VC,! ,CS

-J

4 100

10

I~

0.5 1.0 1.5 2.0

THRESHOLD VOLTAGE (VT), VOLTS

FIGURE 2-14 (see Figure 2A-9). FAR Versus Threshold
Voltage. B11 = 120 MHz, BV 7.7 MWz, NFR =6.

The loop transfer function is

V T M LG(S) (217
-= - ~H(S (17

W) I + LG(S)

substituting Equation (2-16) into (2-17) and simplifying

H(S) +j= A )(-8

2n RC

The 3-dR bandwidth may be given as

S F SDAC (219)
3dB 2n RC
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and the loop rise time may be given as

0.35 (2-20)

r f3dB

or, upon substituting Equation (2-19) into (2-20),

2.2 RC (221)

SFSDACD

and then using the parameters of the design example (Figure 2-7),

K = UAWkt C = IpF 1) = 0.5

The DAC scale factor, SDAC, may be approximated as (Table 2-1)

2Vcc (2-22)

SI)AC N(max)

or

24
SJAC = 1.6 Volts/bit (2-23)

S JC 15

and SF is obtained from Table 2-2.

The loop routine (for a receiver gain of 45 dB) is

2.2(12.1 x 10 3( x 10
-6) 8.3 x -9 (2-24)Lr = ---- 3---I

(4 x 10 6)(!.6)(0.5)

To say the least, this predicted loop rise time is ridiculously fast. A much

more realistic approach is to assume that the DAC is hard limited for any

increase or decrease in false alarm rate (V, = VCC for FAR < 250 kHz and V,

= -Vcc for FAR > 250 kHz). This is a most reasonable assumption as the

noise riding threshold of Figure 2-7 is only counting 15 noise crossings out of

250,000 (in fact, the statistical nature of the noise ensures that VE (Figure 2-9)

will toggle between ±VCC, with an average value of zero, for a constant input

noise and the loop nulled). Since the DAC is limited, the integrator has a
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constant slew rate for increasing or decreasing input noise. Thus, the change
iintegrator output voltage may be given as

AV V~ cc (2-25)

at RC

or for the circuit of Figure 2-7

AV 12(0.5) 45Vl/e 26
At (12.1 X 103) (1 X 10 - 9Vl/e (226

or

- = 0.495 Volt/sec (2-27)
At

Referring to Figure 2-14, the threshold voltage difference (for a FAR = 250

kHz) is 0.6 volt as the gain is changed from 50 dB (Figure 2-2(c)) to 0 dB

(Figure 2-2(a)). Thus the expected loop closure time is (Equation (2-27))

At = V(2- 28)
0.495

or

At =06= 1.2 msec (229)
0.495

which is quite close to the measured value shown in Figure 2-15.

The noise riding threshold technique presented is intended only as a

starting point. There are many concepts that will achieve automatic signal

thresholding and they are limited only by the originality of the designer.

Achieving the optimum sensitivity that can be obtained for a given

receiver configuration may necessitate a noise riding threshold if excessive

loss in dynamic range is to be avoided. The system engineer must take a close

look at system requirements to justify the need for the system level

complications of a noise riding threshold.
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FIGURE 2-15. Noise Riding Threshold Closure Time.
Trop trace: video noise (0.5 V/div); bottom trace: noise
threshold (0.5 V/div); horizontal time, 2 msec/div.
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Appendix 2A

THE EFFECT OF RECEIVER GAIN
ON SIGNAL SENSITIVITY AND NOISE

Introducing receiver gain prior to signal detection increases signal

sensitivity; however, the video noise increases as the receiver gain is

increased beyond a certain point. This increase in noise may well necessitate

the need for a noise riding threshold. This appendix presents a basic

discussion of signal sensitivity and increased video noise as a function of

receiver gain, receiver bandwidth, and video bandwidth, and is based on [1]

and 1121

Background

Figure 2A-1 illustrates the basic configuration that will be discussed. The

main restrictions that apply for the theory to be presented are (1) the detector

is operated in the square law region (Appendix 1B), and (2) the receiver

bandwidth (BR) is at least twice the video bandwidth (Bv) (see Appendix 2B

for BR = B).

The RF/IF variable gain amplifier amplifies and limits the bandwidth (BR)

of the incoming signal. The resulting signal (and noise) drives the square law

detector and video amplifier (see Figure 2A-2 for a brief summary of square
law detectors). The resulting signal and noise drives a comparator. If the

detected video signal is greater than the signal threshold voltage (VTtS), the

comparator is triggered. A practical method of determining the relationships

of the factors that determine signal threshold triggering will be presented.
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Maximum Tangential Sensitivity and Optimum Maximum RF Gain

If the RF/IF receiver is removed, the input signal (PindBm) drives the
detector directly. An excellent "goodness" factor for the sensitivity of this

configuration is the tangential sensitivity, TSS. Tangential sensitivity
represents a signal-to-noise power ratio of 6.31 (8 dB) at the video amplifier

output, and refers to the condition in which the signal plus noise waveform (on

an oscilloscope) protrudes above the noise baseline such that the bottom edge

of the combined terms just touches the top edge of the baseline noise as shown

in Figure 2A-3. Figure 2A-4 summarizes the measurement technique for

determining TSS. [3]

FIGURE 2A-3. Tangential Signal.
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FIGURE 2A-4. Tangential Sensitivity Measurement 121.
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Tangential sensitivity depends on the noise figure* of the amplifier

following the detector, the video 3-dB bandwidth, and the detector

characteristics. The TSS in dBm, TSSIdBm, may be given as [3,41

GO NFv'L( A 1

T do -35 + 5 Log B + 2 10 Log M
dT n V 2

where

BV = video 3-dB bandwidth in MHz

M = detector co'-tant (see Figure 2A-2)

NFvI\(l = video amplifier noise figure (10 Log FV)

GO = receiver gain = 0 dB.

Equation (2A-1) accurately predicts the TSS for a given configuration and

is an excellent comparison factor for crystal video receivers (provided B\, is

specified along with Tss).

The detector "effective" input signal-to-noise ratio for a TSs condition is 4

dB (remember the detector is square law, Figure 1A-2 and Appendix IB).

Thus the "effective" noise appearing at the detector's input is**

GO GN1 ) = S - 4 (2A 2!

dli dBm

*Noise figure will be defined in dBl (NFIdB) while noise factor will be a power ratio.

Thus, N FIdB 10 Log F.

**For small gains the actual detector input noise is much less (NDIdlm -114 + 10

Log BR + GRIdB). As the receiver gain is increased, ND)IdB is increased. When this noise
power exceeds the "effective" noise power of Equation (2A-2), the receiver noise dominates.
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and this is termed the gain-limited tangential sensitivity. If receiver gain is
provided (and this gain is not sufficient to supply noise in excess of that
defined by Equation (2A-2)), the detector input signal-to-noise ratio will

increase 1 dB for each dB increase in gain (increasing the detector-video
amplifier output signal-to-noise ratio at twice the rate of increased gain). If

the receiver gain is excessively large, the noise contributed by the receiver

becomes the dominant issue, and any further increase in gain results in no
increase in sensitivity, but rather an equal increase of signal and noise at the
input to the detector. This is termed "noise-limiting" (Tss dB) and is the best

that can be obtained for a given configuration. Figure 2A-5 illustrates the
effect of receiver gain on TSS (the configuration of Figure 2A-1 is used). The
TSS for no gain (gain-limited TSS) is -41 dBm. As the gain is increased, the
video noise remains constant (and TSS increases 1 dB for each dB increase in
gain) until the gain approaches 45 dB (Figure 2A-5d, and note the change in
voltage scale factor). As the gain is increased above 45 dB (Figure 2A-5e and

f), the video noise increases and little improvement in TSS is gained (this is the
noise-limited TSS )" The obvious questions now are (1) what is the noise-

limited TSS and (2) how much receiver gain is needed to achieve this noise-

limited TSS? These two questions will now be answered.

The only assumption that will be made for the following analysis is that BR

- 2 BV. Lucas [4] presented an excellent analytic discussion on this subject;
however, his equations are most difficult to use. Tsui [3] has extended Lucas'

GR
results to a more practical conclusion. The equation for TSS dB (this is the

TSS for a given receiver gain, GR) may be given as (see Appendix 2B for
derivation of the equations to follow)

141



(a) Note: T= -41 dBm not -43 dBm (b)

(el id)

(e) (f~)

FIGU RE 2A-5. Effect of Receiver Gain on 'rss and Output Noise,
(BHR 40 MHz, NFRIdB = 5, RV = 7.7 MHz).
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G
= -!!4 + NF Rdum dB

O 0 O (2A-3)
dBm

+ 10 Log (.31 B + 2.5 /2B B B 2) +
V RV V 2GR k

where

NFRdB = receiver total noise figure in dB

By = video 3-dB bandwidth in MHz

BR = receiver 3-dB bandwidth in MHz

Git = total receiver gain (power ratio)

FR = total receiver noise factor (power ratio, remember

NFRdB = 10 Log FR)

TSS Go = TSS for detector-video amplifier with no receiver gainIS d~m

Two limiting cases of Equation (A-3) will now be discussed.

Case 1: GRFR small (gain-limited sensitivity), or the right-hand term of
the square root term much greater than the left. This is not obvious at first
glance; however, consider the receiver parameters shown in Figure 2A-5:

BR = 40 (MHz)

By = 7.7 (MHz)

NFRIdH = 5 dB

TSSI Gm = -41 dBm (see Figure 2A-5a)
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The left term of the square root term is

2B RBv - B = 2(40)(7.71 - (7.7)2 = 556.7 (2A4)

The right term is (ifGRFR = 1)

T dCO + 110 (2A-5)
dBm -41 + I0

10 0 )2 __ ( 1 0 )2 = 63.1 x 1012

Thus, neglecting the left term (Equation (2A-5)) is quite valid.

Equation (2A-3) may now be written as

GO (2A-6)

'SSTS =- G
dBm dBdi

Equation (2A-6) is most important, as it shows that increasing the gain

increases the TSS by the same amount, Figure 2A-5 shows that the TSS with
no gain is TSS[ Gm = -41. If 20 dB of receiver gain is added, the expected

sensitivity is

(2A 7)
T dBn = -41 - 20 = -61 dBm

and this agrees well with the measured value of -62 dBm (Figure 2A-5b).

The maximum sensitivity is obtained when GRFIt in Equation (2A-3) is

increased such that the left term in the square root is dominant.
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Case 2: GRFR large, noise-limited sensitivity (2BRBv - BV2 much

greater than the term to the right). Equation (2A-3) may be given as

(Appendix 2B)

T Max d

T = -114 + NFR + 10 LogB v

SR IB
B gi(2A8)+ 1- Lo 

I 6.1 +2. 2 B

and the maximum TSS is not only dependent on the receiver noise figure, but

upon the video bandwidth and the ratio of receiver to video bandwidth.

Again referring to the parameters of Figure 2A-5, we find that the
maximum sensitivity expected is

SMax

T dliM -114 + 5 + IOLog7.7

+ 10OLog 6.31 + 2.5 N2(~~ -Ii(A9

or

Max (2A-1O)

s. = -88.7dBm
dBm

and this agrees quite well with the measured value of 88 dBm (Figure 2A-5f).

Later in this appendix we will discuss thresholding, and will find that
increasing the receiver gain when the system is noise-limited reduces the

instantaneous signal dynamic range at the detector output; thus, it is most
worthwhile to find the maximum practical receiver gain. There is no pat
answer as to the maximum practical receiver gain; however (as is shown in

Appendix 2B), if GR is increased (Equation 2A-3) such that
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GO=

T dBm - (2A- 11)

2BRBv - BV 2 = I0 10(GRFR)2

the sensitivity obtained is within 1.5 dBm of that predicted by Equation (2A-

8). solving Equation (2A-11) forG Max
R dB

Max ]GO NRd

G R  = 110 + TSG - NF - 10 Log (V2 BRBv - BV 2  (2A-12a)
dB dBm

or

Max TSGOm

G R IM = 110 + -ss I NFR -10 Log B vdB d wdB 
( A b

10 Log( 2 -1(2A-12b)
V

Appendix 2B illustrates this is quite close to the gain that increases the
video rms noise by a factor of two over that with no receiver gain. When, in

the discussions to follow, the measured value of G a'is mentioned, it will be

that receiver gain that increases the video noise by a factor of two.

The maximum predicted gain for the parameters previously discussed

(Figure 2A-5) is

M ax ( A
d = 110 - 41 - 5 -10Log V/2(4OX7.71 - 17.72) (2A-13)

or

Max (2A-14)
GH dB 50.3 dB

dB

The measured value for G d-was 49.5 dB, which gives a TSSldBm within 1.5

dBm of the maximum as predicted from the theory.
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Several receiver configuration results are given in Table 2A-1; a plot of

TSSIdBm versus GRIdB is given in Figure 2A-6. As will be seen, the predicted
and measured results are quite close. Figure 2A-7 is a summary of the theory

presented thus far. Applying this theory to the more useful area of
thresholding will be presented shortly; however, it is worthwhile to discuss
how the material presented relates to the work of others.

It will be seen from Figure 2A-5e that the noise riding on the pulse is

greater than the baseline noise. This condition is predicted by Lucas [4], and

the situation becomes more pronounced as BiR/Bv decreases. Figure 2A-8

shows TSS m" for a receiver with BRIBV = 80, and as can be seen, the noise
riding on the pulse is indeed nearly equal to the standing noise. This situation

is inconsequential, however, as Lucas shows that TSS m is fairly

independent (0.5 dBm or so) of this "excess" noise.

Ayer [5] was one of the first to present a coherent discussion of detector-

video amplifiers preceded by RF (or IF) amplification. His work is a

pioneering effort, and he defines an "effective bandwidth," B,, as

Be = 2BB v - B, 2  (2A-15)
e It 'V 2 V

This is based on the assumption that BR/Bv is quite large, which is often not

the case. Many subsequent authors neglected this assumption, and one can

have serious errors in the predicted TSS I " Referring to Equation (2A-12)

we see that our predicted maximum gain is a function of Ayer's Be; however,

TSS 4 (Equation 2A-8) is not a direct function of B. Appendix 2B showsIS dBm Maxrcfucinf Bhw
that, if BjtfBV > 50 (for BR/BV = 50 the error using B, is 0.98 dBm), TSS I 1

may be approximated as

Max

s 1i -110 + NF + 10 Log B (forBR/Be > 50) (2A 16)

dBm 1dB e
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FIGURE 2A-7. Summary of 'I'SS and CMax Equations.

Basic Thresholding

TSSIdr, is a reasonable parameter to compare receiver-detector-video

amplifiers with similar Bjl and Bv; however, the real world of electronic

warfare and radar requires a threshold to be exceeded to indicate the presence
of a signal. The effect of Bit, BV, and Gi on this threshold will now be

presented.
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FIGURE 2A-8. TSSdM" for BR/Bv = 80.

Figure 2A-1 illustrates the general configuration to be presented. The
detector-video amplifier drives a threshold comparator as shown. With no

signal present, if signal threshold voltage, VTIs, is too low, noise due to the
receiver-detector-video amplifier will trigger the threshold, giving a large

noise-count termed false-alarm rate (FAR). As VTIS is increased, this false
signal count decreases. We will be concerned with the threshold voltage that
gives a FAR count of one per second (FAR = 1). Figure 2A-9 illustrates the
FAR count versus VTIS as the receiver gain of Vigure 2A-1 is varied (this is the

same configuration used for Table 2A-l). Several observations concerning

Figure 2A-9 should be noted:

1. For a given gain, FAR is a strong function of VTls.

2. The FAR curves are a function of GRIdBj. This is to be expected at large

gains (GR Ma ) since the receiver is contributing noise.
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FIGURE 2A-9. False Alarm Rate Versus Vr'IS
(BRt = 120 MHz, BV = 7.7 MHz, N14'ddB = 6).
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IMal
3. For receiver gains less than 45 dB (GRI d = 47.8, from Table 2A-1),

the FAR (log scale) curves versus VTIS are fairly linear.

4. For receiver gain in excess of GR dB , the threshold voltage necessary

to give FAR = 1 becomes excessive.

Item 4 is most important in receiver systems employing variable gain. If

VTIS is set for 0.4 volt (FAR = 1 for GR (dB) = 0 dB), the FAR will be 100,000
if the gain is increased to 45 dB. This is obviously an unreasonable situation.

One obvious solution would be to set VTIS = 1 volt, which gives FAR = 1 for a

gain of 45 dB. However, as the gain is decreased (decreasing the noise), only

0.4 volt of VTIS is needed. Obviously, the FAR for 0-dB gain and VTJS = 1 volt

is quite low (one count every 15 minutes or so); however, the input signal to

the comparator must increase to 1 volt (rather than 0.4 volt) to trigger the
threshold. Thus a loss in detector output dynamic range occurs. This loss in
output dynamic range, referred to the input of the square law detector, may be

given as

A
) Loss =VT S

-- 1}R  = 10 Log s

dBm B T2A-17)
VTs

S
where

VT S= signal threshold for gain A (FAR = 1)

VT signal threshold for gain B (FAR = 1)

As an example (refer to Figure 2A-9), the threshold for a gain of 50 dB is 2
volts, and for a gain of 0 dB is 0.4 volt. The loss in dynamic range is

Loss 2

DR  s= OLog - = 7dB (2A-18)
dBro 0.4

or if the threshold is fixed at 2 volts and the gain is decreased to 0 dB, the

receiver input must be increased 7 dBm to exceed the 2-volt threshold.
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Reasonable Criterion for Signal Sensitivity

You are probably wondering at this point what criterion should be used to

determine if a signal is present: A threshold crossing for all pulses? 50%? Or

what? We will use the 80% probability of detection (PdI8 0) criterion--80% of

the signal pulse repetition frequency (PRF) will trigger the signal threshold

(for a PRF of 2 kHz, a count of 1.6 kHz is the 80% Pd180%). Figure 2A-10 shows

the 80% probability of detection sensitivity (PdI0 ), as a function of receiver

gain, for a FAR = 1 (with no signal, VTJS is increased until FAR = 1; then the

signal is increased until an 80% signal count is obtained). A plot of Tss is also

given, and it should be noted that Pdi80% is between I and 2 dBm lower than

TSSIdBm. The loss in instantaneous dynamic range, DR! dl' (Equation (2A-

17)) and the rms video noise are also shown, the important point here is thatMax

for receiver gains larger than GRIdm, the video noise increases, necessitating

an increase in VTIS (to keep FAR = 1), thus increasing DRI Loss A reasonabled~m'

estimate in the loss in DRI " for gains in excess ofGRI Ma isd~m dBm

ioss Max

I)R G - G a  + 6 (2A 19)

dBM dB. dlrm

Figures A-11 through A-16 illustrate FAR versus V''IS and PdIs3, for the

receiver parameters given in Table 2A-1. It is interesting to note that Pd 180%

for large receiver gains is within 1 dBm of the measured TssI At lower

gains (gain-limited sensitivity), the difference between TssI , is between 2

and 3 dB.

Table 2A-2 is a summary of the data taken for the receivers presented.

Several important observations should be noted:

1. P measured at GRIm' is within 1 dBm of the maximum possible.1dm dm

2. PdI 80 maximum is within 2 dB of the maximum tangential sensitivity.dmi

3. The loss in dynamic range is approximately 6 dB for GRI d.
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Thus, from a practical standpoint, the 80% probability of detection

sensitivity (FAR = 1) may be approximated as

~ (2A 20)
Max- 2

dBm dBm

and the maximum gain for this sensitivity is equal to the maximum gain

obtained from Equation (2A-12).
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Appendix 2B
, • GR Ma

I)ERIVATIONS 01 Tssj dam, TssI M,

AND GRI m"a EQUATIONS

Tsui solves Lucas' Tss equation as (for BR > 2 BV)

TSidBm = -114 + NFRIdB

I 2 2 ABv ( 2I I)

+ 10Log 1 6.31 B v + 2.5 B(2 BBv B B
2 ) +  GABV 2

where

4 Fv R v  (2H-2)A - x 10 -6 2

KTKs1 . 2

and

Rv= detector video resistance

T = temperature in degrees Kelvin

KsI, = detectors square law K in mV/mW

FV = video amplifier noise factor

K = Boltzmann's constant (1.38 X 10-23 J/'K)

If GIFi = 1, ABv is found to be >' 2BRBv - BV2, and Equation 2B-1 may be

solved for A

GO+ I02

SS dBm (2B-3)

10 16
A=
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Limiting Case 1, ABV/(GRFR) 2 > (2B;Bv -

,rS8I d~m= -114 + NFI d m + 10ALog (2.5 l Aly) (2B4)

Substituting Equation (2B-3) for A

1 ! /i TSS + 1102 G (21-5)

dllm 10

or

S O - (2B-6)
''ss =T - G d

Limiting Case 2, (2BRBV - BV2) > ABV/(GRFR) 2

Max t [4N (2li R7 }

x= -114 + NF + 10 Log 6.31B + 2.5 V2BBv -B 2 2117)
T d~m dB J

or

SMaxBR218

1' = -114 + NF R  + 10Log(BV, (6.31 +2.5 2 ( B -1)
dlin dBi

Many authors neglect the 6.31 BV term in the equation. This assumption,

valid only if Bit > By, yields a TSS (Equation (2B-7)) of

T = -114 + NF R dB + 10 Log (2.5) (V 2 BRBv - B '2 ) (213 9a)

or

Max (2B-9b)

T = I 1 + NFR + 10 Log V2B RB. - B.2

•It should be noted that V/Aiv/(GRtGT)2 is much greater than 6.31 By.
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The term v 2BRBv - BV2 has been termed the "effective bandwidth" and, if

it can be used, simplifies TSS calculations since a single effective bandwidth

can be assigned to a given receiver. Comparing Equations (2B-8) and (2B-9a),

we see that the only error is to the right of the 10 Log term. Equation (2B-9a)

may now be given as

SSMax (2 -0

T -114 +NF + 10 Log(2.5 R N/2
dBni R I dB V B-

or

Max /R ( B R
= - + NF + 10Log B + tfLog 2 -- -IT.S I dBm R BVR

V

Thus the error from the actual predicted TSSIdBm (Equation (2A-8)) and

approximate TSSI~ M (Equation (2B-10)) is

(2B- 12)

Error I = EquationB-10 - Equation B-It
Idl

or

Error I  = 10 Log (6.31 + 2.5 V2 R )H - 10 Log(2.5 v2 B2--3dli v Bv

Table 2B-1 gives this error for various BR/Bv ratios and, as can be seen,

BR/Bv > 50 has an error within 1 dB. Thus, using Equation (2A-9b) to predictdB

TssI d can give larger than expected predicted TSSI Ma
15dBm
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TABLE 2B-1. Error in Assuming BR/Bv t- 1.

BR/Bv 10 Log (6.31 + 2.5 2 -B 1 10 Log (2.5 -1  Error dB

2 10.27 6.37 3.9

5 11.4 8.75 2.65

10 12.36 10.37 1.98

50 14.94 13.96 0.98

100 16.19 15.47 0.71

Determining the maximum gain necessary to provide TSSI is not, as

stated earlier, a straightforward matter; however, solving for the gain

necessary to give Equation (2B-1):

ABV 2 (2B- 14

( RFR )2

does give quite reasonable results. Substituting Equation (2B-3) into

Equation (2B- 14) and solving for GR

Max GO +2B 15)

dH d +m dR

- 10Log V'2BB V - B 2
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The TSSIdB for this condition may be easily solved as

Max

R (2B-16)

dBm = -114 + NFR

+ 10 Log (By) (6.32 + 3.54 /2 -- , )Bv

The error in TSSIdm predicted (Equation (2B-16)), and the maximum

TSSIdlimn expected (Equation (2B-8)), is summarized in Table 2B-2. As can be

seen, the TSSIdB predicted using Gi{j1'a is slightly lower than expected;
however, this error is at worst - 1.5 dB (for large BR/Bv ratios). It should be

noted that increasing GRIdB 1 dB above our calculated value does not increase

TSSjdB by 1 dB, as the two terms in Equation (211-14) are still nearly equal. To

actually obtain the Tssl ma predicted by Equation (2B-8), GRIdIB must bed~im

increased 5 dB or so above GRI Max given in Equation (2B-15). This increase in

gain increases the video noise and causes serious thresholding problems. It

has been found experimentally that the value for GR!"' of Equation (2B-15)

approximately doubles the rms noise out of the video amplifier (with respect to

the noise with no receiver gain). Thus GRId may be regarded, in principle

at least, as that gain needed to produce a receiver noise power equal to the

detector-video amplifier noise power at the detector's input.
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TABLE 2B-2. Error in TSSIdBm Using GR[ 'B _

10 Log (6.31 + 2.5 10 Log (6.31 + 2.5
BR/By hErrordB-\,2-BR/BV - 1) V'2BR/Bv - 1)

2 10.27 6.37 3.9
5 11.40 8.75 2.65

10 12.36 10.37 1.98

50 14.94 13.96 0.98

100 16.19 15.47 0.71

>100 -1.5
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Appendix 2C

Max Max

DERIVATION OF TSSIdBm, TSS dBan, AND GR dB

FOR BV s BR - 2Bv

Tsui [3] presents Lucas' [4] results as

d~i= -114 + NFR

rSS dBm 1dB

- ABv V (2C 1)
+ 10 Log l 3 .15B R  + 2.5 N2B B v  - H, + 2

(GH F R)

The only difference between Equation (2C-1) and Equation (2B-1), is the first

term after the Log (6.31Bv for Equation (2B-1) and 3.15Bv for Equation (2C-

1)). The A term is defined in Equation (2B-3). The limiting cases may now be

given as

LimitingCase 1: A 2 2B RB V - B. 2

(GR FR

GO

d f l m = _dI m r G R 1 d B 
( 2 C 2 )

which is the same as Equation (2B-6) and is to be expected.

AR v

LimitingCase 2: (2BRB V - BV2 > B v(G H F K

Max d

1 dsMx = -114 + NFK + 10 Log(H

I (2C 3)
+ 10Log 3.15 + 2 .
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This equation gives a TSs some 1.5 to 2.3 dBm better than the TSS if Equation

(2B-8) is used.

The receiver gain necessary to give TSSI a, is found in accordance with
Equation (2B-14)

AB V C4
AGvVR2 - 2B8 -B 2  

(2C4)

and Equation (2B- 15) is obtained
Max C O

GR = ''SSI + 110 - - 10Log 2B RBV - By2 (2C 5o)
dBm dBm dB

or

Max GO

G dB. ''S dB + 0 - NF R dB - 10Log R V

-lOLog R
- (2C 5b)

R
V

It has been found experimentally that for By > Bit, replacing 10 Log BV
with 10 Log BR and neglecting the V 2 BR/BV -1 terms in Equations (2C-3)

and (2C-5b) gives quite reasonable results.
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Nomenclature

A V/ST signal threshold noise amplifier gain

Be effective bandwidth

BI? receiver Bandwidth

B V video bandwidth

D noise integrator duty cycle

DR "' receiver instantaneous dynamic range loss

f3dil noise riding threshold loop 3-dB frequency response
FAR false alarm rate

FARN normalized FAR count

FX' video amplifier noise factor

GO receiver gain = 0 dB
GRIdij receiver gain (dB)

H noise loop transfer function

LG loop gain

M detector diode constant

N normalized noise count
n noise loop contrast

ND effective detector noise input for GI = 0
NFRIdIj receiver noise figure (dB)
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o/s one shot

PDIdBm, detector input (dBm)
PdIdBm signal input for 80% probability of detection

PinIdlim receiver input power (dBm)
PRF signal pulse repetition frequency

PW signal pulse width

SDAC DAC scale factor (volt/bit)
Sb' noise loop scale factor (FAR/volt)

T temperature in degrees Kelvin

T" counter enable time
Tj integrator enable (update) time

TSSIdBm tangential signal sensitivity
SSJ (1 TSS for no receiver (receiver gain = 0)

TSSIJ maximum possible TSS obtainable
M m

VDAC digital to analog converter effective output voltage

V, error voltage
VRef reference voltage

VT/N noise threshold voltage
VT/S signal threshold voltage

At noise loop closure time
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Chapter 3

RANGE-TRACKING LOOPS

Many radar systems (both airborne and land or ship based) employ range

trackers as an integral part of their pulse processing. This chapter will
present the basics of range tracker operation, and a detailed analysis and

design procedures (with examples) for the heart of range tracking: the range

tracking integrators.

Target acquisition and reacquisition techniques will not be covered, and

the discussions to follow assume that range tracker lock-on has occurred (as

will be shown, the range track loop is, in essence, a phase-locked loop and the

acquisition and lock-on concepts are similar).

Figure 3-1 illustrates a simplified active pulse radar. The transmit-receive

(T/R) switch allows the transmitted signal to be radiated by the antenna. The

T/R switch then connects the antenna to a mixer and the received signal is

mixed to the IF frequency, amplified, detected, and fed to the pulse processing

circuitry. The range-tracking loop enables the AGC loop, angle tracker, and

target detection and acquisition circuitry only when an expected return pulse

is present.

The range tracker must be capable of following any changes in closing

velocity between the radar and target, and if the target return should fade, the

range enable gates should still be generated until the target reappears or

reacquisition is initiated. The loop bandwidth should also be as low as

possible to limit the effectiveness of countermeasure techniques used against

range-tracking loops.
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PULSE PROCESSOR

TRANSMITTER ANGLE TARGET

TRACK ANGLE
TR -I GG
TRIGGER T

ANENNAl

MX 7 RAGE RANGE GATE
S(ENABLE)

RANSTRANSTRAC
RECEIVEMI
SWITCH

FOSC L LATO R AN D
ACQUISITION

GAGC
TRACK
LOOP

AGC VOLTAGPE

FIGURE 3-1. Basic Active Pulse Radar.

Figure 3-2 illustrates a basic airborne radar-target configuration. The

radar transmits at time To, and the transmitted pulse reaches the target at

time T 1. The pulse is then reflected and reaches the radar at time T2. It is

obvious that Ti = T 2 . Thus, the range to the target, R (assuming the pulse

travels at the speed of light), is

CAt
R = - (ft) (3-1)

2
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where

c = speed of light (984 ft/psec)

At = T, + T 2 (total time of pulse travel in psec)

RADAR To

/o

RANGE = 0.492 FT/NSEC
T(RANGE) = 2.03 NSEC/FT 2 TARGET

FIG U RE 3-2. Typical Radar Target Configuration.

Figure 3-3 illustrates the basic range-tracking loop configuration (it

should again be emphasized that target acquisition has occurred). At time To,

the T/R switch allows signal transmission and also starts the linear range

ramp. When the range ramp voltage equals the range integrator voltage, ER

(Figure 3-4a), the comparator output changes state, triggering the range

enable and early-late gate. The early-late gates enable the range

discriminator, the output of which is continually "zeroed" by the feedback

action of the loop (i.e., the range gate is driven such that the target return is

centered in the range gate). The loop filter determines the dynamic loop

performance.

The configuration shown in Figure 3-3 does not lend itself to

straightforward analysis. Appendix 3A discusses the range-tracking loop

from a phase-locked loop perspective, and the range-tracking loop can be

presented (for analysis purposes) as illustrated in Figure 3-5. We will first do

a general analysis of the functional range-tracking loop (without specifying

the loop filter) and then replace F(S) with two filters that are in general use.
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DISCRIMINATOR
SCALE FACTOR

VOLT/FT LOOP FILTER

R() R E(S) =Rin(S) - RO(S) EV

RANGE INTEGRATOR

FIG URE 3-5. F'unctional Range.Trackiflg Loop.

The general loop gain equation may be given as (Figure 3-5)

LG(S1 = (DF(S)( ,) S R (321

or

I)SK F(S) (33)

LIS

The loop transfer function, [R,(S)]/[R1 ,{S)l. may be given as

R(I=H (S) LG65) 13-4)

H(SI =H ~S) I + LG(S)
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Substituting Equation (3-3) into (3-4),

I)SR F(S)

H(S) = (3-5)

DS R 
F(S)

The normalized range error is
Rin(Si - R°(S) R,(S) k3

R. (S) H. (S)in in

or

R(S) R (S)
S- = I - HIS) (3 7)

H. (S) R. (S)

Substituting Equation (3-5) into (3-7),

RH(S) S (38)
l. n(S } D S R

S + - F(S

Solving Equation (3-8) for the range error, we have

SR (S) = R. (S) (3 9)
1 in I)SR

S + FS
LRI

The importance of Equation (3-9) lies in the fact that the loop dynamics to
step input changes in range (AR,,S), velocity (AVel S2), and acceleration
(AAccelIS3) may be obtained. The final range error can then be found by the
final value theorum:

LimR Ht) = LimSIR (S} Hl3 1o)
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The first loop filter that will be covered (and the one generally used) is

illustrated in Figure 3-6. This filter ensures a zero final range error to a

velocity step as will be shown.

R2 CVRl~ o " Tr = RlC v

R 1  'r2 = R2C V

E E(S)

Ev(S)

FIGURE 3-6. Zero Velocity Error
(Type II) Loop Filter.

The transfer function, assuming a large operational amplifier gain, may be

given as*

E (S I + S t 2

E (S) SLt

Substituting Equation (3-11) into (3-3), the loop gain becomes

DS It +S1 2 3 !21

LRI I S

*Trhe inverting sign for the filter (and the range integrator) will he omitted as it is easll.,

accounted for in the final design
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Letting

DS~
K (3-13)

LRI

LGKS) = K I I +SL2 (3-14)

The loop transfer function, H(S) (Equation (3-4)), may now be given as

H(S) = 
3-i

KI I+SL2 1+ SI

or, upon simplifying,

K Kt2
-+ -S

HIS) = L (3-16)
K L2  K

LI ti

This is the classic equation of a second-order system*

() 2 + 2(A3 S (3 17)

H(S) = -2S 2 + 2 4&) n + (.2

* Order is defined as the highest degree of the denominator of the characteristic
equation. Since we have an S2 in the denominator of Equation (3-17, this is a second order
system.
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where wn is the Joop natural frequency and is the damping factor. From

Equations (3-16) and (3-17),

W KA (3 18)

n I L HiLIti tI

42,/~7DS..1
t2 L' t 2 // (3-19)

2 2 LRI Ll

Equations (3-18) and (3-19) illustrate that the natural frequency, wr,, can

be made independent cf by ensuring

L2  (3-20)
- =n constant
2n

The importance of Equation (3-20) will be discussed momentarily.

In addition to being a second-order system, Equation (3-20) is also a Type II

loop.* Thus from classic servo theory we expect the final value for the range

error, R,, found in Table 3-1.

TABLE 3-1. Final Range Error for a

Second-Order, Type 1I System.

Input Final Error (R,(final))

Step range 0

Step velocity 0

Step acceleration Constant

*Loop type is defined as the number of poles ot the loop gain (Equation (3-15)) located at
the origin.
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Substituting the filter Equation (3-11) into the range error Equation (3-9)

and solving for the range error as a function of time yields complicated results.
Fortunately, these equations have been solved and graphed for phase-locked

loops 1 and 2), and, since the configuration of Figure 3-5 (and the previous

discussion) is based on phase-locked loop theory, they are equally valid for

range-tracking loops.

Figures 3-7 through 3-9 are plots of normalized range error for a step in

range, velocity, and acceleration, respectively. As expected, in Figures 3-7

and 3-8, the final range error is zero. In Figure 3-9 the final range error is

nonzero and approaches

R (fnat -A Accel (3-21)
Co2
n

Figure 3-10 summarizes the general equations for a second-order, Type I

range-tracking loop for easy reference.

Second-Order, Type II, Range-Tracker Design Procedure

The following paragraphs describe the procedure for designing a second-

order, Type H, range tracker. Figure 3-11 illustrates the dual bandwidth (fast

for velocity acquisition, slow for acceleration tracking), second-order, Typc 11,

range-tracking loop that will be discussed.

A. Knowing maximum range in feet (Rmuix(ft)), determine range ramp

sweep width (Tsw) and scale factor, S,.

(sec)
T"w = 1.016 X 10 L , ) It f sec 3-22)

185



1.0

0I~.8
" 0.60 AR = RANGE STEP

w- 0.4 FINAL ERROR, R = 0
'a

z 0.2 5.0

CC

Lu 0 = 2.0

5 -o. - = 1.0

-0.4
J" 0.707

"r -0.4 0.3 0.5

0 1 2 3 4 5 6 7 8
Wnt

FIGURE 3-7. Range Error, R(t), due to a Step in Range,
AR (Second-Order, Type II Loop).

c0.8

w: 0.5
> 0.6 0.6 =0.707

o 0.4 AVEL = VELOCITY STEPCr

uj FINAL ERROR, R. 0

"z 0.2
z

> "=2.0 /
' -0.2 5 .0/

0 1 2 3 4 5 6 7 8
(nt

FIGURE 3-8. Range Error, Rj(t), due to a Step in Velocity,
aVel (Second-Order, Type I I Loop).
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_VVOL/jFTEe 7'1= R 1 C

EV 2 R2 CV
EvCR TRI =RRICRI

SRI

R G(Si D 2 1 +2 S 2

R. (si 62 + 24 +w

(A) n a

NOISE BANDWIDTH, BWN = 2 + Hz

I NPUIT FINAL ERROR, Re

AR_ _ __ _ _ 0

AVELOCITY 0

AACCELERATIQN AACCE L/wn 2

FIGURE 3-10. Second-Order, Type 11, Rlange-Tracker
General Equation Summary.
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C. Calculate the range integrator time constant, TRI. The range integrator

output voltage may be given as*

d ER E , (3-25)

dt

Since E, represents the target range-tracker closing velocity, the range
voltage will be a linear ramp (remember a Type I loop has zero velocity error,

and the range voltage, ER, must keep up with the target velocity). Referring
to Figure 3-5, the velocity of Ro must be the same as the velocity of Ri, (Veli,);

thus,

dR
0

dt dE EV  (3-26)

SR dt LRI
or

Velocity E. (3-27)
S R  tlH

Knowing the maximum velocity (this must be given as a system specification),

we are free to choose the maximum value for E. Thus tRI may now be found.

C (max)S 3-28)
RI VeI(max)

D. The wideband velocity integrator, tLw and L2W, may be found knowing

the maximum velocity step (AVel), the desired system damping factor

(), SRt, the discriminator scale factor (D), and the maximum range

error (R,). Using Figure 3-8, find the maximum value (for the desired

system ) for

*The minus sign for the integrator will be omitted as discussed earlier.
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[Rc(f)]/[AVeI/nn]. Let Xvel equal this value. The wideband system w
may now be found as

XV AVel (3-29)w =
nw RC(max)

From Figure 3-10,

2 = DS R (3-30)

or

I)SR (3-31)

w I IC Vw 2

also,

t 2  (nw (3-32)

2

or

L = RC = -2 (333)

The loop closure time, tc, may be found knowing w , ,, and using

Figure 3-8 as follows: find o, t where the relative range error goes to
zero and divide by w

E. Knowing &w and 4, the loop noise bandwidth may be found:

W 1 )(3-34)

BW = -n ( + -Hz

F. The loop bandwidth can be decreased after the target has been acquired
in the wideband mode. Decreasing the loop bandwidth has the
advantage of making range gate stealing (a common countermeasure
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technique) more difficult. The loop should just be fast enough to follow

any acceleration changes. Referring to Figure 3-9, find the maximum

value for [R(t)]/[AAccel/&21 for the system . Call this value:

H (max) (3 35)

Accel - 2AAcceL'on
nw

The narrowband loop natural frequency may now be found:

XA1 AAce(3 36)

n (max)

Now, from Figure 3-10

sItS 3 3 7 )
LI =RI CVN - 2LtRI (OnN

The value for RI is determined from the wideband case and a unique value of

CVN can be found.

I) S (3 38)
Cv I0 ) N-V N LR I W*nN 

2  
R 

I

The system damping ratio, , should be independent of ) , thus a unique value

of R2N may be determined.

4 L2N3 39)

Solving for 12N

L, = R C - 24 (3 40)
2V nN

thus,

24 (3 41)

2 nN CVN
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The final range error is

R (final) = AAccel (3 42)r 2
WnN2

G. Knowing WnN and 4, the loop noise bandwidth may be found

WN 
n N (  

+ 1-)l (3-43)
2 4 z

H. The range discriminator is discussed in Appendix 3B, and the equations

presented are excellent approximations; however, the discriminator

differencing amplifier gain, AA, may have to be adjusted to give the
desired scale factor. Practice has shown that a value for D of 50 mV/ft

gives reasonable values for the range and velocity integrator
component values. " nus, practical designs assume a value for D, and

calculating the range discriminator differencing amplifier gain, AA, is
necessary to give D. The value for A A may be given as (Appendix 3B)

I)tEG (nsec (3-44)

4.1 ein

Figures 3-12 through 3-16 summarize the design procedure as an easy

reference for the design to follow.
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To TARGET To TARGET T

RETURN RETURN

TARGET RANGE = 984 FT/MuSEC

11 RADAR PRI

MYAXIMUM TARGET RANGE

R(MAX), TR(MAX)-- y RANGE TRACK LOOP

N/RESET TIME (TRS

Sv (VOLT/SEC)

RAGE MA.3X)~9RAXF)SC 5 M

S= TR(MAX) VOLT/SEC

RMAX(FT) RM A X(FT)
SR ES(MAX) ,FT/VOLT SR = 5 V TR(MAX) TVL

THE RANGE TRACK LOOP RESET TIME ALLOWS RANGE RAMP RESET AND
INITIALIZATION, AND, DEPENDING ON DESIGN, IS IN THE ORDER OF
10 MuSEC.

PRI =T-R = TR(MAX) + RESET TIME (TRS)

FIGURE 3.12. Range Tracking Loop Scale Factor D~esign Equations.
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CV

VELOCITY RRI

VOLTAGERAG
EV VOLTAGE

+ ER

rRI RRICRI

Ev(MAX) VELOCITY VOLTAGE FOR MAXIMUM VELOCITY (VEL(MAX))

VEL(MAX) = MAXIMUM VELOCITY

SR = RANGE INTEGRATOR SCALE FACTOR, FT/VOLT

EV(MAX) SR
TRI = RRICRI VEL(MAX)

FIGURE3-13. Range Integrator Design Equations.

l)esign Example:

A range-tracking loop will be designed to meet the following

specifications:

Maximum range, R(max) 180 x 103 ft

Transmitted pulse width 200 nsec
Maximum closing velocity, Vel(max) 1250 ft/sec
Maximum velocity step, AVel 400 ft/sec
Maximum acceleration, AAccel(max) 5.6 g (180 ft/sec2 )
Early/Late gate width, tFG 250 nsec

Maximum range error due to AVel, R, 10 feet
Maximum range error due to Accel, R, 5 feet
System damping factor, 4 0.7

Normalized video input, ein 2 volts
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VOLTAGE, EE VELOCITY

+ VOLTAGE, EV

T2N = R2NCVNR1

1.40.

1.2 -0.0. 7
x

ii 1.0 -0 

0

CNzC 0.8

c 0.62

0.4 RANGE ERROR 2

0.2

0
0 1 2 3 4 5 6 7 8

Lnt

FIND THE MAXIMUM VALUE OF X, FOR THE SYSTEM ~
FROM THE ABOVE GRAPH.

X SACC EL

R (MAX)

IDS R ___

i'VN 2 2N WnN C V1

BW'W = (-n -i Hz

THE LOOP CLOSURE TIME MAY BE FOUND, KNOWING ANDw w
FROM THE ABOVE GRAPH.

FIGURE 3-5. Velocity Integrator D~esign Equations (Narrowband).
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TARGET VIDEO

'LG +Rl RANGE. e.
R

e. F - T

tEG tLG
- PW

-tE G---t LG--

RC > 10 tF(; RC <o0.02 t tE(; PRF

tc = LOOP CLOSURE TIME

PRF= RADAR PULSE REPETITION FREQUENCY

DISCRIMINATOR SCALE FACTOR, SE,

2 A& e in VOIT
SE =SE. (nsec) NSEC

SYSTEM RANGE DISCRIMINATOR SCALE FACTOR, D

Svl nsee 4.06AAein VOLT
)= SE -vo ) 2.03

nsec ft tE(nsec) p

FIGURE 3-16. Range Discriminator D)esign Equations.
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Determine TR(max), S,, SR, and PRF (Figure 3-12)

TR(max) = 2.03 x 10- 9 IR(max)l = 2.03 x 10-9 (180 X 103) (3-45)

TR(max) = 365.8 psec (3-46)

Let the maximum range sweep voltage, SE(max) = 15 volts

Ed(max) 15 (3-47)

TR(max) 365.8 x 10 - 6

(3-48)
S = 41 x 103 V/sec

v

R(max) 180 x 103 (3-49)
ES(max) 15

SR = 12,000 ft/V (3-50)

PRI = TR(max) + TRS (351)

Let the system reset time = 34.2 psec (a more than reasonable value).*

(3-52)
PHI = 365.8 psec + 34.2 psec = 400 psec

PRF = = 2.5kHz (353)
400 psec

B. Calculate RRI and CR! (Figure 3-13). Let Ev(max) = 10 volts for a

Vel(max) = 1250 ft/sec

EV(max)SR _ 10(12,000) (3-54)

RI R - Vel(max) 1250

RRI CRI = 96 (3-55)

*Seldom is the PRF determined by the system reset time; however, sufficient system
reset time must be accounted for in the design.
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Equation (3-55) yields unrealistic values, since, for a CRI of I pF

9RI = 96MG (356)R!= I X 10 - 6

The problem may be corrected by attenuating EV as shown in Figure 3-17.

CRI

Ev
, ER

FIGURE 3-17. Range Integrator Variation.

If R3 < Rw

R3 E, (3-57)
E -
v H2 + R3

or

E '  R3  _3 58)

- Atten.
2  3

LetCRI = 2.2 pFandR I IMP

E ' (max) S 2 (3-59)
RI CRI Vel(max) 2.2

R1 C., VelImaxl (3 601
E SR
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2.20(250)
E 2.(150 0.229 (3-61)

v 12,000

E' R 3
L= R2 +R 3  (3-62)

Let R 3 = 1 kQ (this is much less than R 1)

R3 (1 - E '/Ev

R2 = R(3-63)
E' I/E

V V

I x 103(1 - 0.229/10) (3-64)

0.229/10

To verify this result,

RI CRI
L Ri R3 (3-65)

R3 + R2

01 xi06) (2,2 x 10 - 6 )

I X 103  
96 (3-66)

(42.6 x 10 3) +(I x 103)

C. Calculate wideband RI, R2w, C,, and BWn,1 (Figure 3-14). The

maximum value of X, for ( = 0.7 is (Figure 3-14)

X - 0.45 (3-67)

XAVeI _ (0.46)(400) (3-68)
w R x2 10
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w= 18.4 rad/sec (3-69)

R C DS R (3-70)
R! C =

LRI Wn

Let D = 50 mV/ft

(0.05)(12,000) 18.27 x 10 - 3  (3-71)
R vw 97 (18.4)2

Let C,, = 0.25 pF

18.27 x 10 -  3  (3 721
R= - 73kg)(372

0.25 x 10 -

= 2 (3-73)R2w=t C
nw V'W

2 (0.707)
H2w = = 304 kU (3-74)

(18.4)(0.25 x 10-6)

BWw= w + (3-75)

BW 18.4 0.7 + 4 ) = 9.7 Hz (3-76)Bn% 2 ( 4 (0.7)

The loop closure time for a step velocity input can be found for the loop 4 by

noting the value of w, t for the normalized range error, X, to cross zero. From

Figure 3-14 it can be seen that for ( 0.7,

W t 3.8 (3 77)
n
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the wideband loop closure time is

t =3.8 =3.8 (3-78)
Cw 18.4

t = 0.21 sec (3-79)
ew

D. Calculate narrowband R2N, CuN and BWN (Figure 3-15). The

maximum value of X, for = 0.7, is (Figure 3-15)

X - !.05 (3-80)

XAAccei (1.05)(180)
(A)3

nN R,(maz) 5

WnN = 6.15 rad/sec (3-82)

DSR (50 X 10- 3N(12 x 103) (3-83)
vn R1 tLI (w nN)

2  (73 x 103)(97)(6.15) 2

C = 2.24 pF (3-84)

24 2(0.70) (3-85)
2 n N CvN (6.15) (2.24 x 10-)

R 2N =102 k (3-86)

WN (! 6.15 ( 1 (3-87)
BWN = T + - = (- 0.7 + I(.7

BW nN = 3.2 Hz (3-88)
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The final range error due to acceleration is

H ~na =AAccel (6180
R {final) = e =3-892

((JnN)2 

(6.1512

R (final) = 4.7 ft (3 90)

The loop closure time may be found, for the loop ?, by noting the value of

(,,t for the normalized range error, X, to cross zero in Figure 3-15. For , = 0.7

u)t - 3.2 (3 91)

3.2 3.2 (3 92)
te - - 61

CN N 6.15tnN

tCN = 0.52 sec (3 93)

E. Calculate range discriminator R, C, and A, (Figure 3-16)

RC > IOty. KC > 10(250 x 10 91 (3 94)

RC > 2.5 x 10
-6  (3 95)

RC < 0.02 t t EG IHF (3 96)

The minimum value for the loop closure time, to, will be used (tcw =

0.21 second)

RC < 0.02 (0.21)(250 x 10 -9)(2.5 x 1031 (397)

RC < 2.6 x 10- 6 (3 98)
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Let C = 0.001 pF R = 2.5kQ

HC = 2.5 x 10- (3-99)

If RC is less than 10 LEG, the discriminator scale factor will be low

(which is easily corrected by adjusting AA for the proper value). IfRC is

greater than 0.02 te tEG PRF, range track loop dynamics may be

affected

The range discriminator gain may now be found (Figure 3-16).

I)tEG (nsecl (3-100)

4.06 eN

(0.05)(250)
AA (4.06)(2) 1.54

F. Design the range ramp generator.

There are many methods to generate a linear voltage ramp. One

straightforward method is illustrated in Figure 3-18. The switch is

closed during the reset time, TRS (Figure 3-12), and the range ramp

voltage is zero. At time, To, the switch opens and the output linearly
ramps up according to the following equation:

dEout (-V) V (3-102)-- = V'See

dt RC RC

The output slope is (Figure 3-12)

SV = - V/sec (3-103)
RC
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Sv, (VOLT/SEC)

-VRANGE RAMP-vOUTPUT
I t

.0V 

To

FIGURE 3-18. Range Ramp Generator.

The system S, has been previously determined,

(3 104)

S v = 41 x 103 V/sec

Let V = -10volts and C 0.1 pF

V 10 (3-105)
SvC (41 x 103)(0.1x 10 -l )

R = 2.44 kQ (3-106)

It is a simple task to adjust R to give the exact Sv needed.

Figures 3-19 and 3-20 illustrate the range tracking loop. Figure 3-19 is

straightforward, but a few words are warranted about the comparator (Figure

3-20). The range integrator scale factor is
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S R = 12,000 fVV (3-107)

or put in a different perspective

SR = 12ft mV (3-108)

To avoid any range timing jitter, the comparator must be quite accurate (1
mV of comparator uncertainty represents 12 feet of range uncertainty, or

range jitter). The comparator shown in Figure 3-19 reduces range jitter to less

than 5 feet.

The loop natural frequency, Wn, and damping, , are a function of the

discriminator scale factor, D, which in turn is a function of the target video

return, eij. There is generally some variation in ein due to target modulation

(see Chapter 1 for AGC limitations and Reference 3 if the range track loop is

driven by a logarithmic amplifier). Figure 3-21 shows the effect on Wn and

due to variations in D. Table 3 2 summarizes the design.

Verifying a range tracking loop design requires test equipment seldom
available except in specialized laboratories. A simple method, however, exists

to measure a range track loop's natural frequency and damping. It is a fairly

simple matter to simulate a target return pulse at some arbitrary time (range)
from a simulated transmit pulse (see Figure 3-12). Stepping the simulated

return ±50 nsec simulates a range change of ±24.6 feet (range = 0.49
ft/nsec). Measuring the range error voltage, E, (Figure 3-19), a curve similar

to Figure 3-7 is obtained. There is a unique relationship between the first zero

crossing and the pcicent of overshoot (Figure 3-22), and the loop's natural
frequency, o,, and damping, 4. Figure 3-23 is a plot of and Wnto for a

measured percent of overshoot. The usefulness of Figure 3-23 is shown by the

following:
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FIGURE~ 3-21 Effect of Varying 1) on Natural
Frequency, (o, and D~amping, ~
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Table3.2. Design Summary.

Wide bandwidth Narrow bandwidth

, 0.707 0.707

wnrad/sec 18.4 6.15

BWn, Hz 9.7 3.2

Loop closure time, sec 0.21 0.52

RANGE STEP

tuj E.(M AX)

I--
,-

C t

.- % OVERSHOOT

w

z

1 2 3 4
t

FIGURE 3-22. Range Error Voltage, R,(t),
Due to a Step Change in Range
(See Figure 3-7).
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70 1.4

0
60 -1.3

60 z

0 50 1.-- c

0 1.2 0

c 0 SHOOT

230 o1.0 L -
z N

Uw C TIME
m 20 -O.9

0

10 
0.8 .

0 II I I I 0.7
0.1 0.3 0.5 0.7 1.0 1.5 2.0

DAMPING, "

FIGURE 3-23. Overshoot and wnto Versus Damping (Q.

Given % overshoot = 50%

t, = 0.3 second

4 = 0.25

Wonto = 1.32

1.32

- = 4.4 rad/see0.3

The measured results of the loop are within 5% of the designed values.

Some designs use a Type I range tracking loop (finite velocity error), and

the basic design procedure will now be covered.
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Second Order, Type 1, Ranging Tracking Loop

The loop filter illustrated in Figure 3-24 will now be discussed. The loop

filter transfer function may be given as (Av is included for amplitude scaling

or buffering as necessary).

() + 2SS) (3-109)
F(S) = A V  (I + LlS )

Substituting Equation (3-109) into Equation (3-3), the loop gain is

LG(S= SR AV +L2  (3-110)

t~ S I1+ LSRI 1

RANGE ERROR VOLTAGE VELOCITY
Ef R2 VOLTAGE,

EV

TCV T1 = (R 1 + R2 ) CV

.r 2 = R2CV

FIGURE 3-24. Type I Loop Filter F(S) = Av [(1 + t2 S)/(I + EIS)l.

The denominator of Equation (3-110) has a single pole at the origin, thus,

this is a Type I loop (finite velocity error). The loop transfer function

(Equation (3-5)) may be given as

(DSRAV1s) + DSR AV

L R/ ti (3-111)
H(S) = 2 + + DSRAVT 2 ) DSAV

t Ll tRi tal l
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Defining

DSRAV _ 2 (3-112)

L RI tl n

or

DSRA (3-113)

n RI tl

and

i DSRAvt+ R 24 ( (3-114)
I L! LtRl n

Solving for 4,

= I + DSRAVL2  (3-115)
2 LIRI

Substituting Equations (3-115) and (3-112) into Equation (3-111), H(S) may be
given as

2

Wn2 +(246n- DS RA v  (3-116)

H(S) R
S 2 + 24( + W. 2

The normalized range error, R,(S) (Equation (3-8)), may now be found:

SR'(S) nDS R A v  (3-117)

in (S) S 2 +24WnS+Wn
2

The loop dynamics for step changes in range, velocity, and acceleration

(Equation (3-10)) are quite complex [1], however, in summary:
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A. Step change in range (AR). Provided

DSIAV ) (3-118)

t R1

the curves generated for the Type I loop (Figures 3-7 and 3-23) are
valid for the Type I loop. The final range error is

R,(final) = 0 (3-119)

B. Step change in velocity (AVel). The final range error is

AVel
R (final) DSRAv (3-120)

LRI

and provided Rj(final) is small (which can be ensured by making Av
large), the curves generated for the Type U loop (Figure 3-8) are valid.

C. Step change in acceleration (AAccel). If (D SRAv)/IRI is large, the

curves generally follow those of the Type 11 loop (Figure 3-9); however,

the range error increases with time which will eventually cause loss of

lock.

R ( (AAccel) (t
R DSRAV (3-121)

The design procedure is similar to that of the Type I loop.

Type I Tracking Loop Design Equations

A. Knowing Rma (ft) determines the range ramp sweep width (Tsw) and

scale factors, Sv and SR. This procedure is exactly the same as for the

Type I loop (see Figure 3-12).
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B. Calculate the range integrator time constant, IRj. This differs

considerably from Type i design as there is a finite range error as a

function of velocity. The range integrator voltage must meet the same

criteria as the Type H loop (Equation (3-26)),

d ER Ev(max) Vellmax) (3-122)

d t i SR

(it will be assumed that Av is unity, as this is most often the case for

practical Type I systems).

E (max) = H (Vel)1) = Evtmax) (3-123)

where

R,(Vel) Velocity range error

Solving Equations (3-121) and (3-122) for 'RI

Vel IRi (3-124)
Ev~mx) = SR R(e)D

R (Vel) )SR (3-125

tRI = RRI CRI =  Vel(max)

Choose a reasonable value for CR! and calculate RRI using Equation (3-

125).

C. Calculate R1 , R 2 , and CV (Figure 3-24) knowing the desired loop ,

and ,. The solutions for t and 12 are complicated by the fact that Wn

and are functions of tl. Solving Equation (3-112) for T1
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ISR (3-126)

RI (an

Solving Equation (3-114) for T2 and substituting Equation (3-126) for TI,

=2 L ta (3-127)

L2 - R2 v - DS

choose a reasonable value for Cv and solve Equation (3-127) for R2.

The value for R 1 may be found via Equation (3-113).

(R DS2 (3-128)

K1  I ')SR L (3-129)
V RI( 2 2 1

A loop will now be designed using the Type II specification with the
following exceptions:

R (max) = 50 ft(AVel = 400 ft/sec), R (final) = I Oft(Vel = 1250 ft/sec).

Acceleration error will be calculated (Equation (3-119)) and is not a design

parameter.

A. Determine TR(max), SV, SR and PRF (same as Type I design)

S, = 41 X 103 V/sec

SR = 12,000 ft/sec

PRF = 2.5kHz
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B. Calculate RRI and CRI (Equation (3-125))

R=(Vel) DSR (3 130)LRI RaI CRI = Vel(max)

R C 10(0.05)(12 x 1031 (3 131)
RRI 1250

SCHI 4.8 (3-132)RRICRI=4.

LetCR! = 10 iF

4.8
RRI 4 . 480kil (3 133)

RI 10 X 10-6

C. Calculate Ri, R 2 , and Cv

The final desired range error is small (10 feet), thus Figure 3-8 can
reasonably be used for our damping factor of 0.707 and a maximum zVel error

of 50 feet.

X - 0.45 (3-134)

X AVel = 0.45(400) (3 135)
n R (max) 50

or

= 3.6 (3-136)
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From Equation (3-127) (using D 0.05 volt/ft)

24 Ltt 63 1371

=2 -- 2C Vg - =~ |
L2 %2 ) DS

or

2 U0.707) 4.8 (3-1381

2 CV 3.6 (0.05)(12 x 10 1

(3-139)

t'I= R2C v = 384.8 x 10

Let Cv 10 pF

384.x -3 t3140)

R2 x = 38.5 kW
2 0 X 1()-

From Equation (3-127)

I I)Slt ' 1-c Litt (') n

R I fo~o)(2 x 10 31- 384.8 x 10 31342

10 x 10 (4.8(362

(3 143)

R, = 964 k3

The rest of the design (range ramp generator, range discriminator, etc.) is

the same as the Type II loop (Figure 3-19).
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The loop can be verified the same way as a Type I loop (Figures 3-22 and 3-
23) provided (Equation (3-118) with A v = 1)

DS , > ( (3-144)

t RI

DSK (0.05)(12 x 103) (3 145)
- = 125

LRI 4.8

and

an 3 .6 = 5 .
(3 -14 6 )

4 0.707

Thus Equation (3-144) is well satisfied.

The range error as a function of time due to acceleration has been given as

(Equation (3-120))

( AAccel)l t)

S(t)= DS R (3-147)

L Ri

Solving Equation (3-147) for time, for a given maximum range error due to

acceleration:

)S Hc(max) (3148)

t RI AAccel

Assuming a 50-foot maximum range error for an acceleration of 180 ft'sec2 ,

(0.05)12 x 10 3 )(50) (3-149)t = =34.7 sec(349
(4.8)(180)
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The loop noise bandwidth for a Type I loop may be approximated by the
Type IT loop Equation (3-43)

n(+ (3-150)

or

HW = 1 2 (0.707) + 
(3-1511

2 ( 4(0.707))

BW = 3.18Hz (3-152)
n

Figure 3-25 illustrates the Type I range-tracking loop. Note that an
instrumentation amplifier has replaced the Type II range discriminator
amplifier. Modern instrumentation amplifiers have input currents that are

quite low and prevent excessive capacitor discharge; also, the discriminator

gain, Ad, can be varied by a single resistor.

The two range tracking loops presented are inherently stable. Reference 1
presents an excellent discussion of loop stability from a phase-locked loop

perspective.
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Appendix 3A

RANGE-TRACKING 1,OOP
AND PHASE-LOCKED LOOP ANALOGY

Figure 3A-1 illustrates the block diagram for a phase-locked loop. The

basic operation of this loop is straightforward: the phase detector output is a

function of the phase difference between the input, Oin; and output, 0out, and is

given as

E I = KI (O in - 0 out -1

where

KI = phase detector scale factor (volts/radian)

PHASE LOOP FILTER
DETECTOR (F(S))

0in(f) +

Oout(f) 1

FIGURE 3A-1. Phase-Locked Loop.
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The phase error is filtered (by F(S)) to suppress noise and determine
dynamic loop performance.

The frequency of the voltage controlled oscillator (VCO) is controlled by

the filter output voltage, E2 . The deviation of the VCO is

AW = K2 E2  
(3A-2)

where

K2 = VCO sensitivity, HzIvolt = 1/2n (rad/sec/volt)

Since frequency is the derivative of phase, the VCO output may be given as

d 0ot/dt = K 2 E2 rad/sec (3A-3)

and by taking the Laplace transform we obtain

L d 0"11 ,u,'fK M4
L = SoutS) = K2 '2 (Si (3A-4)

dt2

Thus, the phase output of the VCO is

K2 E2 (S) (3A-5)
0., (S) = S

or the phase of the VCO output is proportional to the integral of the control
voltage, E2. We will now relate the range tracking to that of a phase-locked
loop.
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Referring to Figures 3-3 and 3-4, at time, To, the T/R switch allows the

transmitter signal to be radiated, and starts the range ramp. The range ramp

slope, S,,, is

aV/sec (3A 6)
v TRmax

where

ER~m1 zx = maximum ramp voltage

Ti?,. = maximum ramp width

The maximum ramp width must be at least as long as the maximum time

for a signal return, or

friax 2 (Maximumrange in feet) see ) (3A-7)
1 492 x 10 ft

The range ramp slope may now be given as

(E Rma)(492 x 103) (3A 8)

M ax

Referring to Figures 3-3 and 3-4a, the range gate trigger occurs when the

range ramp voltage equals the target range voltage. The target range

voltage. ER, is

Ev EV (3A 9)
R S R I SCR, S
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where

Ev = range integrator input voltage (or velocity voltage)

LRI = integrator time constant, RRI CR1

The measured range voltage, R,, may now be given as

E (volt) W

Sv (volVft)

or substituting Equation (3A- 10) into (3A-9),

E (volt)
R(S) ftsec (3A 10 ( S tL, (Sec)S v (volt/ft)

letting

SR = SI ft/V (3A 12)

and

Ro(S) = 'R_. ~) _E _ (3A-13)

tRI

where SR/LRI for the range-tracking loop is the K 2 for the phase-locked loop

(Equation (3A-2)).

Thus, the range integrator and range ramp may be replaced, for reasons of

analysis, by Figure 3A-2.
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sv =v

(VOLT/SEC) + OS

RANGE
RAMP-

FIGURE 3A-2. Range Integrator Analysis Simplification.
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Appendix 3B

RANGE I)ISCRIMINATOR ANALYSIS

Figure 3B-1 illustrates the basic early-late gate configuration. With the

video centered as shown, the charge on each capacitor is the same and e, is

zero. If more of the received signal is in the early gate, the difference

amplifier will be positive (and vice-versa).

tEG

4 R
e, C DISCRIMINATOR

VOLTAGE
rVDEO INPUT R CEe

PW

eintEG tLG

FIGURE 3B-I. Range Discriminator.
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The range discriminator scale factor will be found with the aid of Figure

3B-2. The output voltage is a function of RC, PW, ein, t, and the number of

switch closures (effective closure time).

tEG

R
ein eo

FIGURE 31H-2. Farly Gate T'iming.

The effective time constant may be given as

PI
teiT - (-RC 3

where

11Il = - 3B2

EF
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the output voltage (after 5 eff and assuming RC > tE;)

PW/2 e313e - e.
EG

If the received pulse shifts into the early gate by t psec, Figure 3B-2, the

output voltage is

PW/2 + t e31-41eo(tU - e.
0 tEG

Thus the net output of the range discriminator, Figure 3B-1 will be

E PWi'2 + t PW/2 - t (313 5)

EC(t A A) tEG tLG

and letting tEG = tLG,

E1 A t2t I e, 1 6)
E it) = A[) 13 -eln B6

tEG

The range discriminator scale factor may be found by differentiating

Equation (3B-5) with respect to t

d E (t) 2 A e. 3f-7)
(Vfsec I

d t tEG

Multiplying Equation (3B-6) by 1 sec/49 2 X 106 ft, the range discriminator

slope is obtained

1) = l i (V/ft) 
3 8

t G(492 x 1
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or if tEG is in nanoseconds,

2 A D  ei. (3f B 9)I) = 2A ~(V/ft)
(0.492) tEG (nsee)

or

4.1 Ae, (3B-10)
tEG (nsec)

The value for RC must be much greater than tEG, and 5 reff must be much

less than the loop closure times (t,). Assume the following loop conditions;

tEG = 100 nsec

ei, = 3 volts

RF= 2 kHz (or PRF = 50 psec)

loop closure time = 0.3 second

Letting

RC ?-- IN tG (3B- 11)

or

RC I ! psec (3B 12)

Thus,

RC z I x 10 - 6 (313 13)

LetR = 1 kQ

C a:- 0M I p2F 32 14)
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Letting

t

5 te - C (31- 15)

5 t R to (313-16)
tEG PRF !0

RC t0tEGPRF (3B- 17)
50

or

RC s 0.02t tEG PRF (31 18)

and

(1 K)(0.001 x 10 -6 5 (0.02)(0.3)(100 x 10-9 (2 x 103) (31119)

or

1 x 10 - 6 - 4 x 10 (3B20)

and the necessary range discriminator conditions are met.

Figure 3B-3 summarizes the range discriminator equations.

Figures 3B-4, 3B-5, and 3B-6 illustrate the general shape of the range

discriminator output for several PW/tEG conditions (tEG = tLG = t).
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4.1 AAein VOLT
SD- 

FT
U tEG (nsec)

FIGURE 3R-3. Range Discriminator Design Summary.
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tSLOPE e1, t

FIGURE 3B-4. Range ffiscriminator output for IPW > t
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tI

li2III IS Q ErIi

I ,I I SLOPE = -

FIGURE 3B-5. Range Discriminator Output for I'W < t.
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FIGURE 3B-6. Discriminator Output for IW > 2t.
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Nomenclature

AA differencing amplifier gain

BW, loop noise bandwidth

c speed of light (it is obvious when not meant as capacitance)

D range discriminator scale factor (volt/ft)

E, range error voltage
ER target range voltage

E,(max) maximum range ramp voltage

Ev target velocity voltage

ESM maximum range ramp sweep voltage

e, range discriminator output voltage

ein target video return

F(S) filter transfer function

H(S) loop transfer function

K dc loop gain (DSR/TRI)
Kj phase-locked loop phase detector scale factor (volt/radian)

K2 phase-locked loop VCO sensitivity (Hz/volt)

LG loop gain
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PRF pulse repetition frequency
PRI pulse repetition interval

PW pulse width

R range (it is obvious when not meant as resistance)

R, range error
Rin effective input range

Rm,x(ft) maximum range in feet

R, effective output range

S Laplacian S
SE, discriminator scale factor

SR range integrator scale factor (ft/volt)

S, range ramp scale factor (volts/sec)

To master trigger time (range ramp start)

TR target range time

TRS track loop reset time
TS, range ramp sweep width

t Early gate and late gate widths

t, loop closure time

tEG early gate width
ti(; late gate width

At time change
AR range step

AVel velocity step

AAccel acceleration step

( loop damping factor

1 1 ,2 velocity integrator time constants
tj!? range integrator time constant

0 phase-locked loop phase

to loop natural frequency
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INDEX

Automatic gain control Input modular reduction (IMR), 3

(AGC), 16,45,64,96 Integrated circuits (IC), 55

Automatic noise tracking, 111 Intermediate frequency (IF), 1

Bandwidth, 14 Linear detector, 28

Linearized time constant, 75

Calculations Loop gain (LG), 3

AGC gain, 96 Loop rise time, 3,14,74,99

loop rise time, 99 Loop stability, 80

static regulation, 93 Loops
automatic noise tracking, 111

Conical scanning, 64 conical scanning AGC, 64

Continuous wave (CW), 1 phase-locked, 224

range tracking, 175,213,224

Design Low-pass filter (LPF), 1

equations, 215
exuampl, 15 Modular reduction, input (IMR), 3
exmprc e, 15 Monolithic microwave ICsprocedure, 185 ( M C ,5

verification, 16 (MMIC), 55

Detector characteristics, 84 Noise, 135

Dynamic regulation, 3,8 Nomenclature, 104,171,238

Electronic warfare (EW), I Phase-locked loop, 224

FETs, GaAs, 55 PIN diodes, 49

P-N junction diodes, 40,45

GaAs (Gallium Arsenide), 55 Power-voltage relationships, 83
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Radio frequency (RF), 1 Static regulation, 3,4,93

gain, 138 Symbols, see Nomenclature

Range discriminator, 229

Range tracker design, 185 Tangential sensitivity, 138

Range tracking loop, 213,224 Test circuit, 16,28

Receiver gain, 135 Thresholding, 150

Time constant, 75
Schottky diode, 46,68Sihottal sdet, 5,14 Variable gain elements, 36,40,49,55Signal sensitivity, 135,154

Square law detector, 16 Variable time constant, 75
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